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FOREWORD 


This  volume  contains  the  proceedings  of  the  Eleventh  Annual  Conference 
on  Manual  Control  held  at  NASA-Ames  Research  Center  from  May  21  to  23,  1975, 
The  program  agenda  and  format  are  generally  adhered  to  in  this  report  which 
contains  complete  manuscripts  of  most  of  the  papers  presented  at  the  meeting. 

This  was  the  eleventh  in  a series  of  conferences  dating  back  to 
December  1964.  These  earlier  meetings  and  their  proceedings  are  listed 
below: 


First  Annual  NASA-University  Conference  on  Manual  Control,  The 
University  of  Michigan,  December  1964.  (Proceedings  not  printed.) 

Second  Annual  NASA-University  Conference  on  Manual  Control,  MIT, 
February  28  to  March  2,  1966,  NASA  SP-128. 

Third  Annual  NASA-University  Conference  on  Manual  Control,  University 
of  Southern  California,  March  1-3,  1967,  NASA  SP-144. 

Fourth  Annual  NASA-University  Conference  on  Manual  Control,  The 
University  of  Michigan.  March  21-23,  1968,  NASA  SP-192. 

Fifth  Annual  NASA-University  Conference  on  Manual  Control,  MIT, 

March  27-29,  1969,  NASA  SP-215. 

Sixth  Annual  Conference  on  Manual  Control,  Wright-Patterson  AFB, 

April  7-9,  1970. 

Seventh  Annual  Conference  on  Manual  Control,  University  of  Southern 
California,  June  2-4,  1971,  NASA  SP-281. 

Eighth  Annual  Conference  on  Manual  Control,  University  of  Michigan, 
Ann  Arbor,  Michigan,  May  17-19,  1972. 

Ninth  Annual  Conference  on  Manual  Control,  Massachusetts  Institute  of 
Technology,  May  23-25,  1973. 

Tenth  Annual  Conference  on  Manual  Control,  Wright-Patterson  AFB, 

April  9-11,  1974. 
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MULTIVARIABLE  MANUAL  CONTROL  WITH  SIMULTANEOUS  VISUAL 

ANu  AUDITORY  PRESENTATION  OF  INFORMATION* 

By  Hartmut  Uhlemann  and  Georg  Geiser 

Fraunhofer-GesBllachaft,  Institut  fUr  Informatlonaverarbeitung 
in  Technik  und  Biologie,  Karlsruhe,  Federal  Republic  of  Germany 


SUMMARY 


Multivariable  manual  compensatory  tracking  experiments  mere 
carried  out  in  order  to  determine  typical  strategies  of  the  human 
operator  and  condi cions  for  improvement  of  his  performance  if  one  of 
the  visual  displays  of  the  tracking  errors  is  supplemented  by  an  audi- 
tory feedback. 

Experiments  uith  one,  two  and  four  zero-order  systems  shou  that 
the  operator's  performance  is  only  Improved  through  use  of  combined 
presentation  of  one  tracking  error  if 

- at  least  tuo  systems  are  to  be  controlled, 

- the  visual  displays  are  separate, 

- the  visual  display  uhich  is  auditorally  supported  represents  onlv 
one  system. 

Because  the  cracking  error  of  the  system  which  is  only  visually  dis- 
played is  found  to  decrease,  but  not  in  general  that  of  the  auditorally 
supported  system,  it  was  concluded  that  the  auditory  feedback  unlnads 
the  visual  system  of  the  operator  who  can  then  concentrate  on  the^  re- 
maining exclusively  visual  displays. 

This  conclusion  was  confirmed  by  further  two-axis  experiments  with 
variable  lateral  angular  distance  between  the  two  visual  displays,  the 
right  one  of  which  being  auditorally  supported.  Due  to  the  changing 
strategies  of  the  operator  the  auditory  aid  has  little  influence  if  the 
two  visual  displays  are  close  together  (-20°) i whereas  the  trac<iny 
error  of  the  solely  visual  display  decreases  if  the  angular  distance 
between  the  two  visual  displays  is  enlarged.  In  the  case  pf  tracking 
signals  with  low  cut-off  frequencies  (e.g.  0.04  rad/s)  the  tracking 
error  of  the  auditory  supported  system  also  decreases  slightly,  but 
for  higher  cut-off  frequencies  (e.g.  0.64  rad/s)  there  exists  at.  angu- 
lar range  where  the  auditorally  supported  display  leads  to  a tracking 
error  which  is  higher  than  that  wh}ch  occurs  without  support. 


*This  research  was  supported  by  the  German  Federal  Ministry  of  Oefenae. 


*»BCn)BI0  BUMS  KOI  lUMB 


INTRODUCTION 


I 


The  human  operator  of  a technical  process  often  has  to  accomplish 
several  tasks  at  the  same  time  uilth  a high  degree  of  precision.  The 
information  needed  is  presented  to  him  rrostly  by  visual  . isplays;  the 
cockpit  of  an  aircraft  or  the  control  room  of  a nuclear  pouer  station 
are  impressive  examples  of  the  great  number  of  parallel  displays  which 
are  often  required. 

In  multivariable  manual  control  tasks  several  displays  must  be 
read  sequentially  by  the  human  operator,  and  corresponding  reactions 
must  be  carried  out.  In  critical  situations  the  visual  channel  may  be 
overloaded.  Therefore  the  queetlon  is  whether  the  human  operator's 
performance  may  be  improved  if  the  visual  channel  is  unburdened  by 
means  of  combining  visual  and  auditory  presentation  of  information. 

In  the  past,  several  studies  dealt  with  this  question;  however, 
the  earlier  studies  gave  more  qualitative  than  quantitative  results. 

In  recent  years  a few  detailed  Investigations  have  been  published,  some 
of  which  are  discussed  below. 

V/inJe  and  Pitkin  (Ref.  1)  posed  the  question  of  whether  for  single 
axis  tracking  tasks  the  human  control  characteristics  change  with  a 
combined  visual  and  auditory  presentation  of  the  control  error  as 
compared  with  either  a visual  or  auditory  presentation  alone.  The 
control  task  was  one-degree-of-freedom  compensatory  tracking.  The  input 
was  Me  Ruer's  "sum-of>  sine  •waves"  function  with  variable  bandwidth. 
Different  system  dynamics  were  used.  For  auditory  control  the  tracking 
error  was  converted  to  the  frequency  of  a specific  auditory  signal  and 
presented  using  a one>ear  and  a two-esr  display.  On  the  visual  display, 
which  was  deliberately  adjusted  in  order  to  correspond  with  the  auditory 
display,  a dot  moved  along  one  of  two  separate  vertical  paths.  The 
magnitude  of  the  tracking  error  was  indicated  by  the  vertical  position 
of  the  dot,  and  the  sign  of  the  error  determined  on  which  path  the  dot 
moved.  The  authors  report  that  for  the  task  considered  humans  can 
perform  equally  well  with  auditory  or  visual  displays,  providing  the 
auditory  and  visual  presentations  contain  equivalent  information  on 
tracking  error.  Furthermore  the  operator's  performance  w'.th  one-  or 
two-ear  displays  is  equal  and  the  combined  visual  and  auditory  presen- 
tation improves  the  operator's  performance  slightly. 

This  slight  improvement  was  examined  by  the  authors  in  a further 
study  (Ref.  2}  where  they  used  four  different  visual  displays  and  the 
two-ear  auditory  display  of  the  preceding  study.  By  means  of  the  criti- 
cal tracking  task  according  to  Jex  et  al.  (Ref.  3)  the  critical  tracking 
parameter  as  an  indicator  of  the  operator's  effective  time  delay  was 
measured  for  each  of  the  five  different  displayn  separately  and  also 
for  the  four  combinations  of  auditory  and  visual  displays.  In  every 
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case  the  value  of  the  critical  tracKlng  parameter  increased  a statisti- 
cally significant  amount  uhen  one  of  the  visual  displays  uias  used  in 
combination  uiith  the  auditory  display.  It  uas  concluued  that  the  opera- 
tor's inherent  processing  delays  uere  reduced  ujhen  operating  uith  a 
combined  display. 

A further  study  uias  conducted  by  \/inJe  (Ref.  4)  using  a difficult 
six-degree-of-freedom  hover  control  task  of  a simulated  V/STOL  aircraft 
in  turbulence.  A single-degree-of-freed 'm  auditory  display  substituted 
or  supported  one  visual  display.  The  results  shouted  different  perfor- 
mances of  the  subje.ts,  but  in  general  the  tracking  error  uas  least 
uhen  a combined  display  uas  used.  Furthermore  the  subjects  could 
control  an  auditorally  displayed  function  and  another  visually  dis- 
played function  better  than  if  the  tuo  functions  uere  both  presented 
visually  on  separate  displays.  They  also  commented  that  the  uorkload 
uas  reduced  uhen  the  auditory  displays  uere  used. 

The  decrease  of  uorkload  and  the  improvement  of  performance  just 
mentioned  may  be  explained  by  the  assumption  that  the  auditorally 
supported  or  replaced  display  has  to  be  looked  at  rarely  or  not  at  all. 
Thus  the  subjects  soend  more  time  on  the  other  displays  uhile  stil' 
receiving  the  auditory  information. 

Largs  and  significant  differences  hetueen  visual  and  combined 
display  of  tracking  information  are  shoun  by  the  study  of  Mirchandani 
(Ref.  5)  under  different  experimental  conditions.  The  subjects  had  to 
control  a dual-axis  compensatory  tracking  task  uith  the  primary  task 
of  controlling  a second-order  plant,  and  the  secondary  task  of  con- 
trolling a first  order  plant.  The  tracking  error  of  the  primary  task 
uas  presented  by  the  displacement  of  a vertical  line  on  an  oscilloscope, 
the  display  for  the  secondary  task  uas  a separate  oscilloscope  uith  a 
horizontal  line.  In  a number  of  the  experiments  the  visual  display  of 
the  secondary  task  uas  supplemented  by  an  auditory  display  uhlch  indi- 
cated the  tracking  error  by  the  pitch  and  the  volume  of  a tone.  Mirchan- 
dani reports  that  the  tracking  error  decreases  significantly  if  the 
secondary  task  is  supplemented  by  an  auditory  display.  The  tracking 
error  of  the  primary  task  also  decreases  to  some  extent  in  this  case. 

From  these  studies  it  may  be  concluded  that  different  results  have 
been  obtained  concerning  the  effect  of  the  combined  presentation  of 
control  error.  Because  of  different  experimental  conditions  general 
design  rules  for  applications  can  hardly  be  derived.  Therefore  further 
experiments  have  been  carried  out,  some  of  uhich  are  discussed  be.lou. 
These  experiments  uere  undertaken  not  to  evaluate  the  operator's  des- 
cribing function  under  the  condition  of  combined  presentation  of  infor- 
mation but  to  develop  practice-oriented  rules  for  the  use  of  combined 
presentation  of  tracking  error. 
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THE  EXPERIMENTS 


The  tuo  experiments  uihich  are  reported  in  this  paper  uier^'^  under- 
taken to  ansuter  especially  the  follouing  questions: 

- Houi  does  the  number  of  simultaneous  tracking  tasks  influence  tho 
effect  of  the  combined  presentation  of  one  control  error? 

- Uhat  are  the  strategies  of  the  operator  as  a function  of  the  anf^ula." 
distance  betueen  tuio  visual  displays,  one  of  uhich  being  auditorally 
suppurted? 

In  the  first  experiment  the  tracking  performance  for  one-,  two- 
and  four-degree-of-freedom  tracking  tasks  uias  investigated.  The 
tracking  error  uias  displayed  visually;  one  of  the  visual  displays 
could  be  supported  auditorally. 

The  second  experiment  uas  carried  out  luith  a tuo-degree-of-freedom 
tracking  task  uith  tuio  separate  visual  displays,  one  of  uihich  uias  audi- 
torally  supported.  The  tracking  error  uas  measured  as  a function  of  the 
lateral  angular  distance  betueen  the  tuo  separate  visual  displays. 

Both  experiments  uere  carried  out  uith  the  same  experimental  setup, 
uith  uhich  up  to  four  Independent  systems  can  be  used.  All  experiments 
uere  compensatory  tracking  tasks  uith  zero-order  systems.  Fig.  1 shous 
a schematic  diagram  of  the  experimental  setup  uhere  for  simplicity  only 
tuo  of  the  four  possible  systems  are  presented.  The  experimental  runs 
uere  controllsd  by  a process  computer  uhich  also  generated  the  input- 
signals  of  the  systems  by  use  of  a program.  These  input-signals  uere 
sample  functions  of  uhite  noise  uhich  passed  through  a second-order 
linear  filter  uith  adjustable  cut-off  frequency. 

The  visual  displays  of  the  tracking  error  uere  shouin  on  different 
oscilloscopes.  For  the  one-  and  tuio-degree-of •freedom  tracking  tasks  a 
vertical  line  moved  horizontally  on  a cathode  ray  tube  (Tektronix  51Q3N) ; 
the  four-degree-of-freedom  tracking  task  uas  visually  displayed  by  tuo 
paints,  each  of  uhich  could  move  in  tuo  dimensions  on  the  same  CRT.  The 
test  series  uith  variable  lateral  angular  distance  betueen  the  tuo  visual 
displays  of  a tuo-degree-of- freedom  tracking  task  uere  carried  out  uith 
tuo  oscilloscopes  (Tektronix  RM  503).  The  controls  of  the  system  uere 
one  or  tuo  Joy-sticks  uith  movement  directions  compatible  uith  the 
corresponding  visual  display. 

The  auditory  display  uhich  could  be  used  alone  or  ns  a supplement 
to  a visual  display  consisted  of  a voltage-amplitude  converter  trans- 
forming the  error-voltage  to  the  volume  of  a tone  of  8QQ  cps.  In  this 
uay  the  volume  of  the  tone  uas  zero  if  the  control  error  uaa  zero,  and 
according  to  the  sign  of  the  error  the  tone  uas  heard  in  the  right  or 
left  earphone.  In  previous  experiments  this  kind  of  auditory  display 
turned  out  to  be  the  best  of  a number  of  alternatives. 
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The  input-s.ignals  and  the  control  error  uere  stored  digitally  on 
magnetic  tape.  The  dependent  variable  of  the  trials  mas  the  rms  tracking 
error,  normalized  by  relating  it  to  the  rms  value  of  the  corresponding 
input-signal.  Each  session  consisted  of  five  trials  of  appioximately 
100  s duration.  After  each  trial  the  banduidth  of  the  input-signal  was 
increased  by  a factor  of  2. 

The  subjects  mere  colleagues  of  our  institute  uiho  have  participated 
for  several  years  in  such  experiments  and  may  therefore  be  regarded  as 
trained  operators. 


EXPERIMENTS  WITH  ONE*,  TUIQ-  AND  FOUR-DEGREE-OF- FREEDOM  TRACKING  TASKS 


In  our  experiments  the  rms  tracking  error  with  auditory  presen- 
tation alone  uas  aluays  much  greater  (approximately  tuice  the  amount) 
as  uith  visual  or  uiith  combined  presentation.  Therefore  the  results 
uith  auditory  presentation  alone  are  not  discussed  in  the  follouing. 

In  Fig.  2 the  rms  tracking  error  of  the  one-degree-of>freedom 
tracking  task  uith  visual  and  combined  presentation  is  plotted  for 
different  values  of  the  banduidth  of  the  input-signal.  Each  point  is 
the  mean  of  26  trials.  These  results  do  not  confirm  the  conclusion  of 
V/inje  and  Pitkin  (Ref.  1)  that  for  single-axis  tracking  tasks  the  com- 
bined auditory  and  visual  presentation  of  the  tracking  error  improves 
operator  performance.  The  results  change  if  there  are  tuo  axes  to  be 
controlled  (Fig.  3).  Both  tracking  errors  uere  displayed  visually  on 
one  oscilloscope  b>  tuo  vertical  lines  uith  a lateral  angular  distance 
of  4°  as  seen  by  the  subjects.  The  error  of  the  first  system  uas  dis- 
played by  the  position  of  the  right  line,  and  control  uas  effected  by 
means  of  a compatible  joy-stick  uith  the  right  hand.  This  display  uas 
partly  auditorally  supplemented.  For  the  second  system  the  left  line 
and  another  joy-stick  for  the  left  hand  uas  present.  This  system  uas 
visually  displayed  only.  Compared  uith  the  trials  uith  one  axis  the 
banduidth  of  the  input-signals  uas  reduced. 

The  points  of  Fig.  3 are  the  mean  of  10  trials.  The  upper  part 
shous  the  rms  tracking  error  of  the  first  system  uith  visual  (circles) 
and  combined  (triangles)  presentation.  The  latter  improves  operator 
performance  slightly  for  lou  banduidths  of  the  input-signal.  The  re- 
sults of  the  second  system  are  plotted  in  the  louer  part  of  Fig.  3. 

Here  for  all  banduidths  of  the  input-signal  the  tracking  error  decreases 
if  the  first  system  is  auditorally  supported.  The  amount  of  the  improve- 
ment must  be  seen  in  relation  to  the  absolute  value  of  the  tracking 
error  uithout  auditory  aid.  In  genex'al  the  combined  presentation  of  one 
system's  tracking  error  Improves  the  error  of  the  other  system  uhich  is 
not  auditorally  supported.  This  does  not  coincide  uith  the  results  of 
Mirchandani  (Ref.  5)  obtained  uith  an  asymmetrical  dual-axis  tracking 
task. 
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Our  results  confirm  the  hypothesis  already  mentioned  that  the 
combined  presentation  unloads  the  operator  by  reducing  his  visual 
scanning  activity.  Because  the  fixation  rate  of  the  audltorally 
supplemented  visual  display  can  be  diminished  the  operator  gains  time 
for  fixation  of  the  other  visual  display.  Consequently,  the  control 
error  of  the  not  supported  system  decreases. 

For  further  investigation  of  this  hypothesis  four-degree-of-freedom 
tracking  tasks  uere  carried  out.  Here  the  display  uas  an  oscilloscope 
ulth  tbjo  points  (angular  distance  5°)  moving  in  tuo  dimensions,  and  the 
controls  uere  tuo  compatible  joy-sticks.  The  axes  uere  numbered  1 to  ^ 
and  attached  to  the  directions  of  the  moving  points  of  the  display  and 
to  the  joy-sticks  according  to  Fig.  U.  The  results  (means  of  12  trials) 
are  shoun  in  Figs.  5a  and  5b.  Compared  uith  the  tuo-degree-of- freedom 
tracking  task  the  rms  tracking  error  of  the  four-dimensional  task  has 
not  increased.  There  are  tuo  reasons  for  this: 

- Betueen  these  tuo  experiments  the  subjects  participated  in  further 
manual  control  experiments  uhich  are  not  reported  here.  Through  these 
their  training  level  uas  further  improved. 

- Furthermore  it  has  been  shoun  by  Levison  and  Elkind  (Ref.  6)  that  the 
manual  control  of  tuo  systems  is  hardly  more  difficult  than  of  one 
system  if  the  tuo  systems  are  symmetrical,  if  the  control  error  is 
displayed  by  one  point,  and  if  the  control  is  one  compatible  joy- 
stick. 

The  upper  part  of  Fig.  5a  shous  the  rms  tracking  error  of  the  first 
system  uhlch  uas  displayed  in  part  visually  (circles)  and  in  part  as  a 
combined  system  (triangles).  Here,  in  accordance  ulth  the  other  authors, 
a slight  improvement  for  the  combined  display  system  can  be  seen, 
uhereas  no  effect  is  indicated  for  the  third  system  uhich  is  displayed 
(visually  only)  by  the  same  point  and  controlled  uith  the  same  joy- 
stick (Fig.  5a,  louer  part).  Contrary  to  the  experiment  uith  tuo  dimen- 
sions the  auditory  support  does  not  influence  left  hand  controlled 
system  2 and  4 uhich  are  only  visually  displayed  (Fig.  5b).  This  is 
explained  by  the  fact  that  the  operator's  fixation  activity  is  not  re- 
duced if  the  auditorally  supplemented  visual  display  is  an  Integrated 
wlsplay  for  another  system.  For  the  control  of  the  four  dimensions  the 
operator  has  to  scan  the  tuo  points  equally  uhether  there  is  an  audi- 
tory support  for  one  dimension  or  not. 

The  results  of  these  experiments  confirm  the  hypothesis  uhich  uas 
inferred  from  the  literature:  The  combined  presentation  improves  the 
operator  performance  only  if  there  is  more  than  one  system  to  be  con- 
trolled and  if  these  systems  have  separate,  not  integrated  displays. 


>1 

8 


i 


T 


I 


1 


TWO-AXIS  EXPERIMENT  WITH  VARIABLE  LATERAL  ANGULAR  DISTANCE 
BETWEEN  TWO  SEPARATE  DISPLAYS 


A further  experiment  uias  undertaken  in  ordei  to  evaluate  the  in- 
fluence of  the  lateral  angular  distance  betueen  tuo  separate  displays. 
Only  tuo  systems  uere  to  be  controlled,  and  the  control  error  uas  dis- 
played visually  on  tuo  oscilloscopes  by  a vertical  line.  Again  the 
right  visual  display  uas  partly  auditorally  supplemented.  The  lateral 
visual  angle  betueen  the  tuo  visual  displays  uas  variable,  beginning 
at  20°. 

Fig.  6 shous  the  rms  tracking  error  as  a function  of  the  lateral 
visual  angle  for  three  values  of  the  banduidth  of  the  input-signal. 

The  results  uere  gained  from  6 subjects  uho  carried  out  three  sessions 
on  different  days.  Because  the  exclusively  visual  presentation  of  the 
tuo  dimensions  results  in  symmetrical  curves  they  are  summarized  in  one 
curve  (circles).  In  this  case  the  rms  tracking  error  increases  for  all 
three  catvoff  frequencies  ulth  grouing  lateral  angular  distance  betueen 
the  tuo  visual  displays. 

Because  of  symmetry  the  subjects  shared  their  fixation  activity 
equally  on  both  visual  displays.  As  the  distance  betueen  them  is  in- 
creased the  time  lost  by  fixation  changes  betueen  the  tuo  visual  dis- 
plays also  increases,  therefore  decreasing  the  control  performance. 

If  a combined  display  is  used  the  curves  of  the  auditorally  supported 
system  (triangles)  and  of  the  merely  visual  presentation  (squares) 
diverge.  Up  to  20°  the  fixation  activity  is  partitioned  equally  bet- 
ueen the  tuo  visual  displays.  If  the  values  of  the  banduidth  of  the 
input-signals  are  large  and  if  the  angle  betueen  the  tuo  visual  dis- 
plays is  greater  than  30°,  the  subjects'  strategies  tend  to  concentrate 
their  fixations  on  that  visual  display  uhich  is  not  auditorally  supple- 
mented. The  other  system  uith  combined  display  is  more  and  more  con- 
trolled by  means  of  the  auditory  display.  Therefore  the  control  error 
of  the  system  uith  visual  display  only  decreases,  and  that  of  the  system 
uith  combired  display  increases.  Beyond  a certain  angle  the  tracking 
error  of  the  combined  display  system  is  only  read  from  the  auditory  part 
of  the  display.  In  that  case  a further  increase  of  the  angle  has  no  in- 
fluence uhereas  uith  visual  presentation  alone  the  control  error  con- 
tinues to  increase  uith  increasing  angle.  Consequently,  there  is  an 
angular  distanca  beyond  uhich  for  combined  presentation  the  control 
errors  of  both  systems  are  louer  than  those  corresponding  to  visual 
presentation  only. 

This  effect  is  not  distinct  for  input-signals  uith  lou  cut-off 
frequencies.  There  is  sufficient  time  to  change  the  fixations  betueen 
the  tuo  visual  displays.  Therefore  the  auditory  support  leads  only  to 
a slight  improvement  in  operator  performance. 
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Together  uiith  the  previous  studies  from  the  literature  the  experi- 
ments described  above  lead  to  some  rules  for  the  practical  use  of  com- 
bined displays  for  manual  control: 

1.  If  the  operator  has  to  control  several  systems,  visual  displays  are 
to  be  recommended.  These  displays  are  to  be  positionned  closely  to- 
gether; in  general,  integrated  displays  are  highly  uitable. 

2.  If  it  is  not  possible  to  arrange  the  displays  closely  together,  the 
auditory  support  of  a peripherally  located  visual  display  has  the 
follouing  effects: 

- If  the  input-signal  varies  aloufly  the  control  error  of  both 
systems  decreases. 

- For  higher  cut-off  frequencies  of  the  input-signal  there  is  an 
angular  range  from  approximately  2Q°  to  7Q°  uhere  control  error 
of  the  peripheral  display  increases,  uhereas  the  performance  uith 
the  visually  displayed  systems  in  the  centre  increases  markedly. 

- Beyond  an  angle  of  7Q°  the  auditory  support  ia  to  be  uncondi- 
tionally recommended. 

3.  In  any  case  the  viaual  displays  era  Indispensable. 

4.  The  auditory  support  should  be  attached  to  the  least  important 
control  system. 

5.  The  auditory  supplemented  visual  display  auat  not  be  integrated  uith 
other  visual  displays. 
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KEY  TO  LETTER  DESIGNATION  OF  THE  CURVES  AND  DISPLAYS 

c combined  visual  and  auditory  presentation 

V visual  presentation  only 
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four-degree-of-freedom  tracking  task  uith 
combined  presentation  of  the  first  dimension 
and  visual  presentation  of  the  others; 
plot  of  the  results  of  the  second  dimension. 
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SCHEMATIC  DIAGRAM  OF  THE  TWO-DIMENSIONAL  COMPENSATORY  TRACKING 
EXPERIMENT  WITH  VISUAL  AND  COMBINED  VISUAL  AND  AUDITORY  DISPLAYS 


0.08  0.16  032  0.61  1.28 

CUT-OFF  FREQUENCY.  Uco . FAD/S 


EFFECT  OF  VISUAL  AND  COMBINED  DISPLAYS  ON  NORMALIZED 
TRACKING  ERROR,  ONE  DIMENSION 

o - VISUAL  PRESENTATION 

A - COMBINED  VISUAL  AND  AUDITORY  PRESENTATION 

FIG.  2 
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NORMALIZED  MEAN  SQUARE  TRACKING  ERROR 
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CUT-OFF  FREQUENCY,  u^, RAD  Is 

EFFECT  OF  VISUAL  AND  COMBINED  DISPLAYS  ON  NORMALIZED 
TRACKING  ERROR,  TWO  DIMENSIONS 

o - VISUAL  ONLY 

COMBINED  (1.  DIMENSION) 

FIG.  3 
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NORMALIZED  MEAN  SQUARE  TRACKING  ERROR 
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EFFECT  OF  VISUAL  AND  COMBINED  DISPLAYS  ON  NORMALIZED 
TRACKING  ERROR,  FOUR  DIMENSIONS 

o-  VISUAL  ONLY 
A-  COMBINED  (1.  DIMENSION) 

FIG.  5A 
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NORMALIZED  MEAN  SQUARE  TRACKING  ERROR 
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EFFECT  OF  VISUAL  AND  COMBINED  DISPLAYS  ON  NORMALIZED 
TRACKING  ERROR,  FOUR  DIMENSIONS 

o-  VISUAL  ONLY 

COMBINED  (1.  DIMENSION) 

FIG.  SB 
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ANGULAR  DISTANCE 


TPACKING  ERROR  VERSUS  ANGULAR  DISTANCE  BETWEEN  TWO 
SEPARATE  DISPLAYS  FGR  DIFFERENT  CUT-OFF  FREQUENCIES 
OF  THE  INPUT  SIGNAL ^ TWO  DIMENSIONS 

o-  VISUAL  ONLY,  MFAN  VALUE,  l.AND  2.  DIM. 

A-  COMBINED  (1.  DIM.),  R.SULTS  1.  DIM. 

□-  COMBINED  (1.  DIM.),  RESULTS  2.  DIM. 

Fr.  6 
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INTRODUCTION 


Despite  a vast  accumulation  of  operational  experience  with  che  conduct  of 
low  visibility  instrument  approaches,  little  is  understood  about  the  decision- 
making behavior  of  pilots  who  fly  these  approaches « Likewise,  there  is  little 
information  regarding  the  man,  system,  and  task-related  factors  which  inf  luence 
this  decision-making  behavior.  Such  information  is  essential  for  the  rational 
design  of  new  systems,  or  for  the  redesign  of  existing  systems  in  order  to 
correct  known  deficiencies. 

A major  problem  which  has  inhibited  the  study  of  pilot  decision-making  be- 
havior in  the  laboratory  has  been  the  unavailability  of  tasks  which  incorporate 
the  essential  cognitive  features  of  the  real  task,  and  which  include  those 
motivational  or  stress- inducing  features  known  to  influence  decision-making 
performance.  This  paper  describes  a task  which  was  designed  to  simulate  the 
cognitive  features  of  low  visibility  Instrument  approaches,  and  to  produce 
controlled  amounts  of  subjective  stress  in  pilots  serving  as  subjects  in  exp- 
eriments using  the  task. 

Pilot  behavior  during  low  visibility  instrument  approaches  can  be  analyzed 
into  at  least  two  major  categories:  one  is  the  continuous  closed-loop  manual 

tracking  behavior  necessary  to  control  the  aircraft,  and  the  other  is  the  cog- 
nitive, decision-making  behavior  required  to  make  the  decision  to  continue  the 
approach  and  landing,  or  to  execute  a missed  ^approach.  It  is  the  second  cat- 
egory of  behavior  with  which  we  are  concerned  here. 

The  difficulty  of  a declslon-^maklng  task  is,  in  part,  determined  by  the 
uncertainty  of  the  data  used  to  mal.e  a decision.  For  example,  the  decision  to 
"go  around"  is  a relatively  easy  one  if,  at  the  missed  approach  point,  there 
is  nothing  to  be  seen  outside  the  aircraft,  f*  if  the  approach  lights  and 
runway  have  been  clearly  visible  for  the  lec:  two  miles  of  the  approach.  It  is 
when  the  approach  lights  or  runway  are  barely  visible,  and  then  only  intermit- 
tently, that  the  decision-making  task  becomes  more  difficult. 

A second  class  of  variables  which  are  known  to  influence  the  outcome  of 
decision-making  tasks  is  best  illustrated  by  the  various  kinds  of  psychological 
stressors  acting  upon  the  pilot.  Of  particular  interest  here  are  the  pressures 
perceived  by  the  pilot  to  complete  the  approach,  to  make  an  on-time  arrival, 
to  save  fuel,  and  even  to  save  "face". 

We  have  assumed  that  it  is  necessary  to  use  a slmuTacion  task  which  incor- 
porates both  kinds  of  variables,  informational  and  psychological,  to  success- 
fully study  pilot  decision-making  behavior  in  the  laboratory.  The  task  below 
was  designed  to  meet  those  requirements*  This  paper  describes  our  preliminary 
experiments  in  the  mc^^surement  of  decisions  and  the  Inducement  of  stress  in 
simulated  low  visibility  approaches. 
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A schamatlc  of  the  apparatus  as  seen  by  the  pilot-subject  Is  shown  In  Fig. 

1.  The  buttons  available  to  the  subject  are  RVR  (to  request  an  RVR  reading), 
turn  rate  buttons  (left,  0,  or  right),  and  GA,  the  go  around  button  to  Initiate 
a missed  approach. 

In  the  central  portion  of  the  CRT  Is  a plan  view  of  the  approach.  In  the 
lower  part  of  the  screen  are  three  dots  corresponding  to  the  position  of  the 
approaching  aircraft  (present  position,  position  one  second  ago,  and  position 
5 seconds  ago).  In  the  center  of  the  screen  are  two  pairs  of  dots  correspond- 
ing to  the  middle  marker  location,  equivalent  to  the  200  foot  decision  height 
for  a Category  I approach.  Farther  up  the  screen  are  the  runway  outline, 
threshold,  and  three  pairs  of  approach  lights  or  lead-in  lights.  Above  that 
are  scores  posted  for  the  results  of  any  one  trial:  on  this  approach  the  sub- 

ject would  receive  100  points  for  a safe  landing  and  -40  points  for  a missed 
approach.  On  the  left  of  the  screen  is  an  RVR  scale  with  two  indices  corres- 
ponding to  0 RVR  and  that  for  the  legal  minimum  (2400  feet).  On  the  right 
side  of  the  screen  is  an  altimeter  which  has  a dynamic  range  of  0 to  220  feet. 
The  Dolnter  Indicating  altitude  is  pegged  at  the  upper  right  until  the  aircraft 
nears  the  middle  marker;  as  the  aircraft  pas ',es  through  the  middle  marker,  the 
Indicated  altitude  passes  through  200  feet. 

A andom  wind  disturbance  from  the  side  (correlation  time  of  50  seconds)  is 
intro<  .ced  to  provide  a moderately  easy  control  cask  for  the  pilot.  Control  Is 
maintained  by  pushing  one  of  the  three  turn-rate  buttons.  The  aircraft  has 
the  capability  of  being  In  el  her  the  0 turn  rate  (constant  heading)  or  a stan- 
dard turn  rate  to  the  right  or  left.  The  pilot's  Cask  In  these  approaches  Is 
to  "fly"  the  aircraft  through  the  gate,  over  the  approach  lights,  and  on  to 
Che  runway.  (The  aircraft's  position  shown  In  Figure  11s  close  to  the  Initial 
condition  point.)  Only  lateral  position  Is  important,  for  If  Che  pilot  crosses 
Che  extended  threshold  line,  but  is  not  over  the  runway  a crash  Is  .recorded. 

If  at  any  time  before  the  aircraft  crosses  the  extended  threshold  line,  Che 
pilot  hits  the  go-around  button,  a standard  rate  left  turn  is  Initiated  until 
Che  heading  reaches  60^  from  "North"  at  which  time  the  computer  program  assumes 
that  a missed  approach  was  made. 

Tlie  runway  and  approach  lights  may  appear  either  to  the  right  or  left  of 
the  middle  marker  center  line,  and  may  be  closer  or  farther  away  than  the  nom- 
inal position  to  represent  electronic  guidance  errors.  This  Is  the  appropriate 
aircraft-centered  view,  and  simulates  the  case  when  one  is  flying  the  ILS  with 
needles  exactly  centered,  but  finds  the  runway  to  the  left  or  right  when  break- 
out occurs,  and  Che  case  when  one  is  either  high  or  low  of  the  Indicated 
altitude. 

The  slant  range  "visibility"  is  Included  in  the  program,  even  though  the 
intensity  in  the  CRT  has  only  two  values  (on,  off).  There  are  5 "characters" 
drawn  by  the  PDF-12  graphics  system  under  visibility  control;  the  three  pairs 
of  lead-in  lights,  and  the  right  and  left  halves  of  the  runway /threshold  lights. 
Should  the  center  of  any  of  these  five  characters  be  within  a square  (centered 
at  Che  aircraft  position)  whose  half-width  is  the  slant  range  visibility,  then 
this  character  will  be  turned  "on"  and  will  be  visible.  The  approach  lights 
are  turned  off  as  one  gets  close  to  each  pair,  to  simulate  their  passing 
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underneath  the  nose  of  the  airplane;  this  also  prevents  the  subject  from  ob- 
taining unrealistic  lateral  guidance  information. 

A computer  program  was  written  to  generate  files  of  approach  trajectories 
and  currently  has  a catalogue  of  nine  approach  trajectories.  Five  of  these 
trajectories  have  constant  (but  different)  slant  range  visibilities  leading  to 
the  following  effect:  when  the  middle  marker  is  passed,  nothing  is  in  view; 

soon  the  first  approachlight  appears,  followed  by  the  second  and  then  the  third; 
as  the  first  approach  light  is  neared,  it  disappears  (passes  underneath) , and 
then  the  runway /threshold  lights  suddenly  appear  and  a safe  landing  can  be 
accomplished.  The  decreaoing  slant  range  visibility  in  this  group  of  five  tra- 
jectories is  such  that  one  must  proceed  farther  and  farther  beyond  the  middle 
marker  (or  below  decision  height)  before  the  first  approach  light  is  sighted. 
The  fifth  of  these  five  trajectories  is  zero-zero  visibility,  so  the  approach 
lights  and  runway /threshold  lights  never  appear.  The  other  four  trajectories 
correspond  to: 

(1)  a high  visibility  approach  (runway  ^nd  approach  lights  are  visible  as 
shown  in  Figure  1 at  all  Limes) 

(2)  an  extremely  optimistic  RVR  reading,  but  very  low  slant  range 
visibility 

(3)  passing  through  a fog  bank  after  initial  acquisition  of  the  approach 

lights:  the  approach  lights  and  runway  lights  "drop  out",  only  to 

reappear  after  three  to  four  seconds 

(4)  fog  bank  as  in  (3),  but  the  approach  and  runway  lights  do  not 
reappear. 


PROCEDURE 

In  the  ^'..’St  set  of  experiments,  we  had  the  following  objectives: 

(1)  structure  the  experimental  setting  to  make  the  pilot  as  aversive 
j a crash  in  the  simulator  as  he  would  be  in  real  life 

(2)  alter  the  decision  strategies  by  manipulating  the  relative  values 
of  a landing  and  a missed  approach. 

The  first  objective  was  desirable  to  make  the  decisions  as  meaningful  as  pos- 
sible. After  "sacrificing"  several  pilots,  we  finally  arrived  at  the  following 
procedure. 

As  the  subject  is  led  into  the  experimental  chamber,  he  is  shown  a poster- 
sized list  on  the  wall  of  people  whe  have  previously  been  subjects  in  the  exp- 
eriment. Each  subject  is  listed  by  name,  organization,  and  score  (the  total 
number  of  points  accumulated  over  the  50  data  trials).  The  first  subject  on 
the  list  was  a fictitious  one  (in  this  case)  and  in  place  of  his  point  score 
was  the  word  CRASHED  in  bright  red  letters.  The  experimenter  writes  in  the 
subject’s  name  and  organization  (e.g.  Joe  Jones,  TWA)  and  leaves  the  score 
column  blank.  The  subject  is  told  at  that  time  that  should  he  crash  during 
the  data  trials,  even  if  on  the  first  data  trial,  his  services  are  no  longer 
required.  That  is,  in  terms  of  the  experiment,  he  is  "dead". 

It  was  obvious  to  the  subject  at  this  po^nt  that  he  was  committed  to  follow 
through  the  experiment,  and  the  idea  that  he  might  crash  and  have  the  event 
recorded  for  all  to  see  had  a very  noticeable  effect  on  almost  all  the  subjects. 
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Each  of  the  pilots  was  allowed  a total  of  25  practice  approaches,  the  first 
10  of  which  were  high  visibility  approaches  so  that  he  could  become  familiar 
with  the  dynamics  of  the  simulation,  the  wind  and  turbulence  levels,  and  the 
layout  of  the  approach  lights,  runway,  etc.  After  a brief  rest  period,  the 
pilots  participated  in  the  50  data  trials  — it  was  during  these  trials  that 
a crash  would  mean  Immediate  dismissal. 

The  50  data  trials  were  composed  of  six  "wild  card"  approaches,  e.g.  the 
approach  lights  dropping  out  and  then  reappearing,  or  approach  lights  dropping 
out  and  not  coming  back.  The  remaining  44  trials  were  the  ones  examined  for 
pilot  decision-making  behavior  and  consisted  of  eleven  replications  of  four 
meteorological  visibility  levels  of  0,  20,  30  and  40  display  units,  where  a 
visibility  of  50  corresponded  to  having  the  first  approp..n  light  come  into 
view  as  decision  height  was  reached. 

These  44  approaches  were  assigned  go-around  scores  of  100  points  for  the 
highest  visibility  down  through  -80  points  for  the  lowest  visibility  and  were 
not  assigned  randomly,  but  In  a manner  which  we  though  would  make  the  decision 
most  difficult.  In  general,  a negative  score  corresponded  to  a low  visibility 
approach  and  a high  positive  score  to  the  high  visibility  approaches. 

The  data  recorded  during  each  approach  consisted  of  a "frame"  composed  of 
the  current  x,y  position,  the  displayed  RVR,  the  state  of  the  turn-rate  control 
and  the  state  of  the  go-around  button.  These  frames  were  recorded  whenever  a 
control  action  was  executed,  an  RVR  request  made,  and  when  the  go-around  button 
was  pressed.  From  these  data,  we  can  infer  the  number  of  times  the  RVR  was 
requested,  the  control  activity,  and  the  altitude  and  cross  track  error  at  the 
time  of  go-around  should  one  be  requested. 

QUESTIONNAIRE 


Thirteen  pilot-subjects  participated  in  the  test  and  completed  a question- 
naire, but  as  the  simulation  was  changed  after  the  first  three  pilots,  they 
were  not  included  in  the  data  regarding  the  simulation  Itself.  Of  theremalnlng 
10  subjects,  6 are  airline  pilots  and  2 are  IFR  rated  NASA  employees. 

The  questionnaire  consisted  of  3 major  parts:  recent  experience  in  low 

visibility  approaches  and  missed  approaches;  fidelity  of  the  decision  simula- 
tion; and  stress  ratings  for  actual  low  visibility  approaches  and  the  simula- 
tion. 


Recent  Experience 

Of  the  10  pilots  completing  the  questionnaire,  7 had  made  a total  of  37 
Category  I approaches  within  the  last  12  months  (six  of  these  37  approaches 
were  military  approaches).  Only  2 missed  approaches  were  made  by  these  7 
pilots.  When  asked  what  were  the  most  common  causes  for  executing  a missed 
approach  (based  on  their  experience) , the  3 most  frequently  mentioned  items 
were 

runway  alignment /crosswinds  7 times 

visibility  5 times 

other  traffic  3 times 
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Simulation  Fidelity 
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The  isubjects  were  asked  to  comment  via  the  questionnaire  about  the  simul- 
ator fidelity  only  with  respect  to  the  decision  of  whether  or  not  to  continue 
an  approach.  This  was  done  both  on  a semantic  differential  scale  (Totally 
Unlike  - Completely  Identical)  and  by  soliciting  comments  on  the  similarities 
and  dissimilarities  of  the  simulation  to  an  actual  low  visibility  approach. 

The  ratings  of  the  subjects  are  shown  in  Table  I where  it  is  seen  that  the 
mean  fidelity  rating  is  5.2  with  a standard  deviation  of  1.87,  indicating  the 
usual  dispersion  in  inter.3ubject  ratings. 

Comments  on  the  similarities  of  the  simulation  to  a low  visibility  approach 
detailed  the  assimilation  of  information  through  different  sources  (RVR,  alti- 
tude, and  runway  alignment).  Wlien  commenting  on  the  dissimilarities,  3 pilots 
mentioned  the  lack  of  danger  ("one  will  not  die  if  you  miss",  "...  lacks  the 
element  of  danger") . Two  of  the  pilots  mentioned  that  in  a real  approach  more 
reliance  would  be  placed  on  decision  height,  i.e.,  that  it  is  a cut  and  dried 
decision  (a  go,  no-go  situation).  Another  commented  that  he  felt  the  reward 
structure  was  not  correct  because  in  actual  flight  the  rewards  for  going 
below  minima  may  be  the  loss  of  job,  etc,  whereas  ’■ewarJ  here  is  a higher 
point  count. 

There  were  other  comments  made  about  dissimilarities  of  the  simulator  and 
the  actual  approach:  three  pilots  mentioned  that  the  visual  cues  were  differ- 

ent, and  one  pilot  mentioned  the  fixed  turn  rate  characteristics  of  the  simu- 
lator. Those  were  offered  even  though  the  question  specifically  asked  about 
the  similarities  of  decision  making;  either  the  questions  were  misunderstood 
or  these  factors  really  do  Influence  the  decision.  In  either  case,  we  felt 
that  these  latter  two  factors  are  of  secondary  Importance  in  the  light  of  the 
other  dissimilarities  mentioned  by  the  pilots. 

Stress  Ratings 

The  pilots  were  asked  to  rate  the  stress  of  the  experimental  task  and  an 
actual  low  visibility  approach  on  a semantic  differential  scale  (Not  at  all 
stressful  - Extremely  stressful);  the  results  are  shown  in  the  other  columns 
of  Table  I.  We  have  added  columns  showing  the  difference  in  stress  rating, 
and  the  simulator  stress  (rating)  ns  a fraction  of  the  actual  stress  (rating). 
Of  these  10  subjects,  three  felt  that  the  simulator  was  at  least  as  stressful 
as  an  actual  low  visibility  approach.  At  the  other  extreme,  is  subject  number 
six  who  reported  that  the  simulator  "lacks  the  element  of  danger". 

RESULTS 


One  pilot  misunderstood  the  instructions  because  he  initiated  a missed 
approach  after  safely  crossing  the  threshold  many  times  during  the  50  data 
trials  and  therefore  received  less  than  full  point  score.  His  data  were  not 
analyzed. 

Learning 

A statistical  test  was  used  to  ascertain  whether  or  not  a learning  effect 
was  present  for  the  subject  group  by  performing  an  analysis  of  variance  on  the 
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pull-up  altitude  for  those  11  approaches  made  under  zero/zero  visibility 
conditions.  This  analysis  of  variance  included  the  approach  number  as  a co- 
variate and,  if  significant,  would  suggest  a linear  trend  in  pull-up  altitude 
with  trial  number.  The  results  of  this  analysis  of  variance  indicated  that  the 
covariate  of  approach  (trial)  number  did  not  contribute  a statistically  signi- 
ficant linear  component  to  the  pull-up  altitude.  Thus  the  linear  trend  was 
Ignored  in  the  remainder  of  the  analyses. 


Classification  of  Approaches  into 
Land / Go- Around 

The  44  approaches  for  each  of  the  9 pilots  were  examined  for  classification 
into  the  classes  of  land/go-around  using  a stepwise  discriminant  analysis  pro- 
gram (BMU  07M) . The  variables  Included  for  the  selection  in  the  stepwise  dis- 
crimination were  the  following: 


WW"  "■ 

1.2,3 

Actual  visibility  on  the  approach 
(0  i V/V^  i 1) 

(S/S^)“  n- 

1.2,3 

Score  increment  for  selecting  a gO' 
around 

(-0.80  < S/S^  < 1.0) 

Interaction  between  visibility  and 
score 

LOG 

Visible  localizer  deviation  at 
go-around 

The  linear,  quadratic,  and  cubic  component  of  visibility  and  go-around  score 
are  self  explanatory  and  the  interaction  term  was  Included  to  test  for  its 
significance.  The  localizer  deviation  was  also  included  and  taken  to  be  the 
maximum  visible  localizer  deviation.  It  was  set  to  0 on  the  0/0  approaches 
since  it  would  not  be  available  to  the  pilot,  and  was  also  set  to  zero  on  the 
approaches  which  were  successfully  completed. 

The  significant  variables  selected  by  the  stepwise  discriminant  program 
are  shown  in  Table  II  for  each  subject;  these  coefficients  have  been  normal- 
ized so  that  the  coefficient  of  V/V^^  is  unity.  In  this  table,  an  increase 
in  the  discriminant  function  will  put  the  approach  into  the  "land"  class. 

The  resulting  classification  using  this  discriminant  function  is  also  shown  in 
the  table  and  it  gives  very  good  results  on  these  data  (although  one  must  be 
cognizant  that  the  classification  is  performed  on  the  data  from  which  the  dls- 
criminan^  function  was  determined.) 

’’’he  major  points  to  be  ascertained  from  the  table  are  first,  the  go-around 
score  was  almost  useless  as  a basis  for  discriminating  among  approaches  with 
the  exception  of  Subject  number  6.  (This  particular  discriminant  function 
must  be  treated  with  care  since  it  Incorporates  almost  all  the  variables  and 
Includes  a sign  of  which  is  opposite  from  all  the  other  discriminant 

functions.)  The  secondpoint  of  Interest  is  the  nearly  equal  coefficient  on 
the  quadratic  component  of  visibility,  indicating  the  decrease  in  effective- 
ness of  actual  visibility  in  classifying  an  approach  into  "land".  Thus  the 
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contribution  of  visibility  to  the  discriminant  function  varies  from  0 (for 

V/V  of  0)  to  0.4  (for  V/V  = 1.0)  for  most  subjects. 

MAX  nAA 

The  coefficient  for  the  localizer  deviation  can  be  used  to  determine  the 
sensitivity  of  the  cross-track  error  in  classifying  approaches  into  "land**  or 
**go-around**.  This  result  is  shown  in  the  right  hand  column  of  Table  II  and 
is  the  localizer  error  (in  degrees)  which  has  the  same  effect  on  the  discrim- 
inant function  as  a full-range  change  in  slant  range  visibility.  This  gives 
the  importance  of  localizer  error  relative  to  visibility  in  determining  the 
classification. 


A DYNAMIC  DECISION  MODEL 


In  this  section,  we  briefly  describe  a decision-theoretic  approach  to  the 
modelling  of  pilot  decisions  during  the  simulation  of  low  visibility  approaches. 
A straightforward  application  of  the  Subjective  Expected  Utility  (SEU)  theory 
is  complicated  by  the  dynamic  character  of  the  decisions  since  the  theory  re- 
lates to  static  decision  alternatives,  rather  than  che  everchanging  situations 
experienced  by  pilots.  Nonetheless,  we  have  developed  an  extension  (based  on 
SEU  models)  which  appears  to  be  plausible,  and  it  is  one  which  we  think  will 
be  a valuable  tool  in  further  investigations. 

The  dynamic  decision  model  is  based  on  the  assumption  of  the  existence  of 
a decision  function  which  can  be  written 

D(V,S,L,h)  . (I) 

where  D is  the  decision  function,  an  explicit  function  of  visibility  (V),  go- 
around  score/incentive  (S),  the  cross-track  or  localizer  deviation  (L) , and 
the  current  altitude  (h) . This  decision  function  is  the  comparison  of  the  SEU 
for  Olajjjj  and  the  SEU  for  making  a missed  approach  or  a go- around  0^^.  Under 
the  assumption  that  the  utilities  for  landing,  crashing,  and  going  around  are 
Independent  of  the  probabilities.  Subjective  Expected  Utilities  take  the  form 

®LAND  ’ PLAND^V,L,h)U(LAND)  + P^^g„(V,L,h)U(CRASH)  (2) 

Oga  “ l’U(GO  AROUND)  - U(S)  (3) 

where  Ptauq  and  ProACH  subjective  probabilities  for  landing  and  crash- 

ing and^^  U(’)^ls^”the  corresponding  utility.  These  expressions  show  the 
dependence  on  the  approach  variables  V,  L,  h and  the  incentive  for  going 
around  S. 

A schematic  plot  of  the  decision  function  and  how  it  might  change  with 
altitude  is  shown  in  Figure  2.  We  have  displayed  possible  variations  of 
during  an  approach  and  its  comparison  with  0„a  which  remains  constant  throu^- 
out  the  approach.  If  at  any  time  the  SEU  of  landing  becomes  less  than  that 
of  going  around,  the  decision  is  made  to  initiate  a missed  approach. 

A missed  approach,  denoted  by  the  solid  line  of  Figure  2,  is  a sketch  of 
how  the  SEU  of  landing  might  behave  during  an  approach  for  which  the  approach 
lights  are  never  sighted.  The  SEU  of  landing  decreases  with  altitude  becai, 'le 
the  subjective  probability  of  landing  is  decreasing  (and  that  of  crashing  is 
increasing)  until,  at  point  A,  a missed  approach  is  initiated.  The  SEU  of  an 
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approach  shown  by  the  dotted  line  starts  out  higher  than  the  previous  approach 
(perhaps  because  of  a larger  reported  RVR)  and  It,  too,  decreases  until  point 
B when  the  approach  lights  are  sighted.  This  causes  an  Immediate  jump  In  the 
probability  of  landing  (hence  the  step  change  In  SEU  of  landing)  and  from  this 
point  gradually  Increases  until  point  C when  the  landing  Is  successfully  accom- 
plished. If,  on  the  other  hand,  the  aircraft  starts  deviating  from  the  local- 
izer (say)  at  point  D,  and  the  pilot  has  difficulty  In  stabilizing  the  approach, 
then  the  subjective  probability  for  landing  will  decrease  causing  a decrease 
In  the  SEU  for  landing  until  point  E where  a missed  approach  Is  inltlatled 
because  of  misalignment  with  the  runway. 

The  point  of  greatest  Interest,  of  course.  Is  at  the  Instant  of  deciding 
to  Initiate  a missed  approach.  At  this  Instant  the  SEU  of  landing  and  go- 
around  are  equal,  l.e. 

where  h*  Is  the  altitude  at  which  the  go-around  decision  was  m^de  and  Is 
written 

h*  - g(V,L,S)  (5) 


To  test  for  the  possible  existence  of  such  a relation,  we  performed  a stepwise 
regression  (using  BMD  02R)  on  the  go-around  score  (S/S^^),  score/visibility 
interaction  (S/S^^)  (V/V^^) , and  the  localizer  deviation  (L) . The  main 
effects  of  meteoroXoglcalvislbility  were  not  Included  because  the  majority  of 
the  go-  round  decisions  were  made  under  0/0  visibility  conditions.  Table  III 
shows  the  regression  coefficients  selected  by  the  stepwise  regression  program; 
those  coefficients  which  have  a non-zero  value  as  Indicated  by  Student's  t 
test  are  Indicated  with  an  asterisk.  Note  that  the  data  for  subjects  2,3,4 
are  not  Included  because  the  stepwise  regression  program  did  not  find  a signi- 
ficant regression  on  the  variables  indicated.  The  multiple  regression  coeffi- 
cient Is  highest  for  those  cases  for  which  few  go-around  decisions  were  made 
during  approaches  when  any  visibility  existed  (recall  that  11  of  the  approaches 
shown  were  made  under  0/0  conditions).  While  Che  coefficients  Indicate  the 
type  of  behavior  one  would  expect,  e.g.  an  Increased  decision  altitude  due  to 
increased  go-around  scores,  these  data  must  be  considered  preliminary  because 
of  the  experimental  design  (see  the  discussion  section). 


These  results  are  quite  encouraging  and  Indicate  that  the  subjectively 
expected  utility  model  proposed  here  may  lead  to  a valuable  viewpoint  from 
which  to  examine  pilot  decision  making  during  low  visibility  approach. 


SUMMARY 


Stress 

One  of  the  major  goals  outlined  for  this  preliminary  set  of  experiments 
was  to  investigate  methods  of  applying  psychological  stress  analogous  to  the 
stress  of  an  actual  low  visibility  approach.  It  was  found  that  the  stress 
rating  In  the  simulation,  as  reported  on  semantic  differential  scales,  was  an 
average  of  0.8  times  the  stress  rating  of  an  actual  low  visibility  approach. 
The  success  in  applying  the  stress  was  not  uniform,  however,  for  several 
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subjects  reported  they  "would  not  die"  if  they  crashed  in  the  simula'.ion. 
Other  subjects  remarked  that  descending  below  the  decision  height  jt  200  feet 
would  result  in  censure  by  regulatory  or  company  authorities;  this  seemed  as 
Important  to  them  as  the  prospect  of  an  (unlikely)  crash.  Thus  it  may  be 
meaningful  to  include  another  penalty  in  the  simulation;  if  the  subjects  are 
"caugh*"  descending  below  mlnlmums,  they  will  be  penalized  (say)  by  a score 
equivalent  to  two  or  three  landings. 

Go-Around  Incentives 


The  range  of  go~around  scores  did  not  induce  as  much  behavioral  change  as 
was  expected,  and  the  results  of  the  experiment  Indirate  that  considerably  mo»’e 
score  differential  will  be  required  to  Induce  pilotf.  to  initiate  a missed  ap- 
proach. For  example,  when  offered  100  points  for  the  no-risk  go-around  or  100 
points  for  a successful  landing,  most  pilots  initiated  the  approach  and  almost 
all  continued  until  touchdown,  even  though  a riskless  go-around  was  available. 
This  suggests  that  the  utility  of  landing  is  strongly  affected  by  the  accom- 
plishment of  this  feat,  or  that  the  level  of  risk  taking  in  a go-around  is  too 
low  and  this  alternative  does  not  present  enough  of  a challenge  to  the  pilots. 


Behavioral  Models 

One  model  of  behavior  which  may  apply  here  is  the  Theory  of  Achievement 
Motivation  (Atkinson,  1964) . This  model  is  of  a form  similar  to  the  SEU  model 
described  above  except  that  the  utilities  depend  on  the  subjective  probabili- 
ties: for  example,  the  utility  of  succeeding  at  an  easy  task  is  low,  while 
succeeding  on  a difficult  (high  risk)  task  is  high.  Conversely,  the  utility 
of  failing  on  an  easy  task  is  low  (one  loses  face),  whereas  there  is  no  dis- 
utility (loss  of  face)  on  falllrg  to  succeed  on  a risky  task.  Risk  taking 
behavior  is  said  to  be  determined  by  two  personality  traits;  need  for  achieve- 
ment and  test  anxiety.  The  Theory  of  Achievement  Motivation  predicts  that 
those  Individuals  with  a high  need  for  achievement  and  a low  test  anxiety  will 
take  an  intermediate  level  of  risk,  whereas  individuals  with  a low  need  for 
achievement  and  high  tejt  anxiety  will  take  extreme  levels  of  risk:  a low 
level  of  risk  to  Insure  success,  or  a high  level  of  risk  in  which  success  is 
not  really  expected.  Atkinson  draws  analogies  to  aspirations  in  employment  as 
well  as  more  quantitative  behavioral  tests  such  as  the  "ring  toss"  experiment. 
We  have  conducted  some  Informal  experiments  at  MIT  using  a ball-toss  paradigm 
involving  two  levels  of  difficulty;  the  results  of  this  undergraduate  student 
project  will  be  reported  elsewhere. 

A preliminary  attempt  was  made  to  apply  the  Theory  of  Achievement  Motiva- 
tion to  the  experimental  results  described  above.  An  obvious  measure  of  test 
anxiety  is  the  stress  ratio  recorded  by  the  subjects  (stress  in  the  simulation/ 
stress  in  actual  low  visibility  approach).  Measures  of  success  and  need  for 
achievement  are  ambiguous,  however,  since  point  score  and  number  of  landings 
may  be  considered  as  measures  of  both. 

Nonetheless,  if  one  considers  (e)  the  final  score  as  a measure  of  success; 
(b)  the  stress  fraction  as  the  measure  of  test  anxiety;  and  (c)  the  number  o^ 
landings  as  the  measure  of  the  need  for  achievement  (e.g.  sticking  with  an 
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approach  through  approach  light  dropout,  etc.),  then  classification  of  the 
pilots  on  this  basis  (b)  and  (c),  indicates  the  following:  the  pilots  with  the 

lower  success  level  (lower  score)  exhibited  a low  need  for  achievement  and  high 
test  anxiety  (as  the  theory  predicts) , but  the  pilots  with  a higher  success 
level  (higher  score)  exhibited  not  only  a high  need  for  achievement  but  a 
higher  stress  level  (rather  than  the  theoretically  predicted  low  stress). 
Although  there  are  not  enough  subjects  to  validate  this  conjecture  statistic- 
ally, it  may  well  be  that  the  Theory  of  Achievement  Motivation  is  not  applicable 
in  those  cases  where  the  result  of  the  failure  is  catastrophic,  and  that  mod- 
ification to  the  theory  may  be  required  for  situations  such  as  are  considered 
here. 

In  summary,  both  a dynamic  version  of  Subjectxve  Expected  Utility  Models 
and  (a  modified)  Theory  of  Achievement  Motivation  m&y  be  useful  in  describing 
decision  behavior  of  pilots  in  a simulated  low  visibility  approach. 
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HGURE  2.  Decision  function  versus  altitude 
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* Indicated  a change  to  2 later  In  the  trials 


TABLE  I Semantic  differential  ratings  of  simulator  fidelity 

and  stress 
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Table  Coefficients  of  Discriminant  function  (Normalized  such  that  |v/V  .^1-  1.0) 


TABLE  111  Regression  coefficients  for  altitude  of  go**around  decision 
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TRACKING  PERFORMANCE  UNDER  TIME  SHARING  CONDITIONS 
Wir'  A DIGIT  PROCESSING  TASK:  A FEEDBACK  CONTROL  THEORY  ANALYSIS^ 

By  Daniel  Gopher  and  Christopher  D.  Wlckens 
University  of  Illinois  at  Urbana-Champalgn 


ABSTRACT 


A one  dimensional  compensatory  tracking  task  and  a digit  processing  reac- 
tion time  task  were  combined  in  a three-phase  experiment  designed  to  investl-' 
gate  tracking  performance  in  time-sharing.  The  two  tasks  were  compared  when 
performed  singly  and  in  combination  both  with  equal  sub-task  priorities,  and 
with  different  coinblnatlons  of  unequal  task  priorities.  Adaptive  techniques, 
elaborate  feedback  devices,  and  on-line  standardization  procedures  were  used 
to  adjust  task  difficulty  to  the  ability  of  each  individual  subject  and 
manipulate  time  sharing  demands.  Feedback  control  analysis  techniques  were 
employed  in  the  description  of  tracking  performance.  The  experimental  results 
show  that  when  the  dynamics  of  a system  are  constrained,  in  such  a manner 
that  man-machine  system  stability  is  no  longer  a major  concern  of  the 
operator,  he  tends  to  adopt  a first  order  control  describing  function,  even 
with  tracking  systems  of  higher  order.  This  particular  linear  strategy 
may  reflect  the  low  level  of  practice,  or  limited  system  knowledge  of  the 
current  subjects.  It  is  accompanied  by  a second  non-linear  ocrategy  which 
appears  as  a component  of  high  frequency  remnant  power,  and  seems  to  be 
adaptive,  in  the  sense  that  it  reduces  tracking  error.  When  attention  is 
divided  between  tracking  and  a concurrent  task,  tracking  gain  appears  to 
decrease  by  a magnitude  that  is  proportional  to  the  amount  of  attention 
diverted  to  the  concurrent  task.  Attention  diversion  to  a concurrent  task 
leads  to  an  increase  in  remnant  level,  or  non-linear  power.  This  decrease 
in  linearity  is  reflected  both  in  the  output  magnitude  spectra  of  the 
subjects,  and  in  the  linear  fit  of  the  amplitude  ratio  functions.  Processing 
time  does  not  appear  to  be  affected  in  any  consistent  manner  by  performance 
requirements  on  the  tracking  task,  although  it  is  affected  by  the  change  of 
demands  on  the  concurrent  performance  task. 


Contractual  support  for  this  project  was  provided  by  the  Life  Sciences 
Program,  Air  Force  Office  of  Scientific  Research,  Contract  Number 
F44620-70-C-0105.  Dr.  Charles  E.  Hutchinson  was  the  scientific  monitor 
of  the  contract. 
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INTRODUCTION 


In  real  v^orld  situations,  a manual  control  task  is  only  rarely  per- 
formed in  isolation  from  other  tasks  that  may  be  imposed  upon  the  operator • 
Furthermore,  in  these  situations,  the  priorities  and  demands  of  the  con- 
current performed  tasks  are  frequently  shifting,  contingent  upon  the  dynam- 
ically changing  operational  environment.  The  present  study  investigated 
tracking  behavior  in  dual-task  situations  and  utilized  feedback  control 
analysis,  coupled  with  new  experimental  procedures  to  manipulate  time 
sharing  priorities,  in  order  to  specify  the  nature  of  time-sharing  decrements 
in  tracking  performance. 

While  feedback  control  analysis  has  proven  to  be  of  great  value  to  the 
human  factors  engineer,  allowing  the  specification  and  prediction  of  sta- 
bility and  performance  characteristics  of  manually  controlled  vehicles,  it 
has  also  proven  to  be  of  interest  to  psychologists.  This  is  because  many 
of  the  parameters  that  are  measured  in  the  transfer  function,  or  describing 
function  of  the  human  operator,  appear  to  have  very  real  psychological 
meaning;  that  is,  these  parameters  correspond  to  processes,  such  as  reaction 
time,  and  information  transmission  rate  that  are  important  aspects  of  human 
information-processing  behavior.  Given  this  correspondence  between  the 
describing  function  parameters  on  the  one  hand,  and  behavioral  phenomena 
on  the  other,  along  with  the  increasing  ease  of  measuring  the  describing 
function  parameters,  as  new  algorithm^  are  developed,  it  is  of  interest  to 
the  psychologist  to  observe  the  changes  in  these  parameters  that  take  place 
when  various  experimental  conditions,  such  as  stress,  practice,  or  time 
sharing  are  manipulated.  In  this  manner,  indications  of  the  fundamental 
changes  in  human  information  processing  that  underlie  such  manipulations,  can 
be  revealed.  Furthermore,  a knowledge  of  the  specific  processing  changes 
underlying  performance  iu  multi-task  environments,  may  have  important 
implications  for  the  design  of  systems,  particularly  if  these  changes  lead 
to  an  overall  deterioration  in  system  performance. 

Although  a large  volume  of  research  has  been  conducted  concerning 
feedback-control  analysis  of  human  tracking  behavior  (1) , and  an  equally 
voluminous  amount  has  utilized  the  tracking  paradigm  in  some  aspects  of 
divided  attention  research  (2),  relatively  few  studies  have  systematically 
examined  the  effects  of  divided  attention  on  the  specific  performance 
parameters  of  tracking  that  are  revealed  by  a eedback  control  analysis. 
Furthermore,  no  study  has  coupled  such  an  analysis  with  a careful  experi- 
mental control  and  manipulation  of  the  allocation  of  attention  between 
tracking  and  a subsidiary  task. 

Those  studies  that  have  examined  the  effects  of  divided  attention  on 
tracking  unanimously  reveal  that  tracking  performance,  as  assessed  by  such 
global  measures  as  mean-squared  error,  or  time-on-target,  deteriorates 
under  time  sharing  (divided  attention)  conditions.  However,  beyond  this, 
there  seems  to  be  little  consistency  concerning  the  specific  parameter 
changes  underlying  this  Increase  in  tracking  error.  Since  increases  in 
error  may  theoretically  be  produced  by  increases  in  time-delay  or  remnant, 
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decreases  in  tracking  gain,  or  a change  in  the  form  of  the  transfer  function, 
any  of  these  parameter  changes  could  plausible  underlie  the  divided  attention 
Increase  in  track-Ing  error. 

In  the  psychological  research  on  attention,  the  effect  upon  information 
processing  that  is  most  commonly  attributed  to  the  division  of  attention, 
is  an  Increase  in  processing  time,  or  time-delay.  Thus  it  seems  reasonable 
that  divided  attention  in  tracking  should  produce  an  increase  in  the 
measured  parameter  assumed  to  correspond  to  processing  time:  effective  time 

delay,  or  An  experiment  by  Cliff  (3)  obtained  this  effect  when  tracking 

was  performed  concurrently  with  an  auditory  shadowing  task,  while  a variety 
of  research  performed  with  the  Critical  Tracking  Task  (4) , has  obtained 
consistent  decreases  in  the  stability  parameter  A (corresponding  to  an  inverse 
measure  of  the  subject’s  effective  time-delay)  under  divided  attention 
conditions  (5,  6). 

In  fact,  McRuer  (7)  has  found  that  this  measure  correlates  quite  highly 
with  the  subjectively  rated  difficulty  (the  Cooper-Harper  rating)  of  a 
concurrently  performed  task  and  has  therefore  argued  that  tracking  time-delay 
(as  assessed  by  the  Critical  Task)  is  an  accurate  predictor  of  ’’reserve 
processing  capacity”  — the  amount  of  attention  or  capacity  ’’left  over”  to 
devote  to  the  critical  task,  after  an  amount  of  attention  has  been  channeled 
to  the  primary  task  to  maintain  some  fixed  performance  criterion. 

Despite  these  findings,  however,  the  occurrence  of  processing  delays 
in  tracking  under  time-sharing  has  not  been  universally  observed.  For 
example,  Watson  (8)  found  only  very  slight  increases  in  processing  time 
(as  assessed  by  open- loop  operator  phase  lag)  when  subjects  were  required  to 
perform  auditory  and  visual  secondary  tasks,  and  Levison,  Elkind,  and  Ward 
(9)  similarly  obtained  little  increase  in  phase  lag  with  time  sharing,  as 
additional  tracking  tasks  were  required  to  be  performed  by  their  subjects. 
Wickens  (10)  found  no  increase  in  the  measured  parameter  x , under  time- 
sharing, although  he  obtained  a clear  performance  decrement  in  mean-squared 
error  when  the  secondary  tasks  (signal  detection,  and  application  of  a 
constant  force)  were  required. 

A more  robust  effect  of  time  sharing  on  tracking  appears  to  be  an 
increase  in  remnant,  or  output  power  uncorrelated  with  input,  which  has 
been  obtained,  in  one  form  or  another,  in  many  of  the  dual- task  tracking 
studies  (8,  9,  10,  11).  Although  remnant  may  arise  from  a number  of  poten- 
tial sources,  some  of  which  may  in  fact  be  adaptive  or  beneficial  to 
tracking  performance  (i.e.,  discrete,  or  ’’bang-bang”  control  responses), 
Levison  ^ al.  (9)  have  argued  that  the  remnant  Increase  resulting  from 
their  time-sharing  conditions  is  a non-adaptive,  perceptual-motor  ’’noise,” 
added  to  the  tracking  signal  and  is  the  major  contributor  to  the  decrement 
in  performance. 

Four  studies  have  also  identified  clear  and  consistent  decreases  in  the 
open-loop  gain  parameter,  under  time-sharing.  Wickens  (10)  and  Baty  (11) 
both  found  a large,  significant  decrease  in  crossover  frequency,  as 
secondary  tasks  were  introduced,  while  data  .torn  Levison  et  al.,  (9)  and 
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Cliff  (3)  indicate  that  the  overall  open-loop  amplitude  ratio  function  is 
reduced  when  additional  tasks  (concurrent  tracking,  and  auditory  shadowing 
respectively)  are  imposed. 

Finally,  without  the  benefit  of  a formal  feedback  control  analysis, 
Fuchs  (12)  observed,  using  an  analog  model  matching  algorithm,  that  subjects 
give  relatively  more  weight  to  lower  derivatives  of  the  error  signal  under 
time-sharing , Fuch's  finding  may  be  interpreted  as  indicating  that  a change 
in  the  overall  form  of  the  transfer  function  (adjustment  of  lag  or  lead 
constants)  results  from  divided  attention,  in  addition  to  any  shift  in 
operating  parameters  that  might  take  place. 

The  above  studies  provide  varied,  and  sometimes  conflicting  findings. 
The  current  research  is  an  attempt  to  identify  more  precisely  what  parameter 
changes  do  occur  in  cracking  under  time-sharing.  Furthermore,  it  waa  hoped 
to  identify  which,  if  any  parameters  are  sensitive,  not  only  to  the  presence 
or  absence  of  a second  task,  but  to  the  amount  of  attention  allocated  to  the 
tracking  task.  (Conversely,  assuming  a limited  amount  of  attention,  the 
amount  of  attention  diverted  to  a second  task.) 

The  design  of  the  experiment  is  based  on  a method  developed  by  Gopher 
and  North  (13,  14,  15)  for  the  evaluation  of  operator  attention  capacity 
and  task  load  in  time-sharing  conditions.  The  method  originates  in  the 
traditional  secondary  task  approach  (16,  17) . However,  major  modifications 
of  this  paradigm  are  proposed.  In  the  present  method, pairs  of  tasks  are 
compared  in  single-  and  dual-task  coiid>inatlons.  Adaptive  techniques,  on- 
line standardisation  procedures  and  elaborated  feedback  devices  are 
utilized  to  adjust  task  difficulty  to  the  performance  ability  of  each 
individual  subject  and  manipulate  inter-task  priorities  in  time-sharing. 

The  method  allows  the  examination  of  three  separate  questions;  (1)  The 
ability  of  subjects  to  perform  a single  focused  attention  task  with  gradual 
increase  of  difficulty.  (2)  The  general  ability  of  subjects  to  cope  with 
time-sharing  requirements  in  dual-task  configurations.  (3)  The  ability 
of  subjects  to  mobilize  and  readjust  the  allocation  of  attention  with  a 
change  in  task  priorities.  In  the  present  experiment  a one-dimensional 
compensatory  tracking  task  was  combined  with  a digit  processing  reaction 
time  task. 

Identification  of  parameters  which  would  quantitatively  reflect 
attention  allocation  as  related  to  the  above  three  aspects  would  not  only 
provide  valuable  information  concerning  the  nature  of  attention  in  informa- 
tion processing,  but  also  might  suggest  predictive  methods  of  monitoring 
momentary  fluctuations  of  operator  attention  via  on-line  measurement  of 
performance  output.  This  could  provide  a valuable  feedback  loop,  to  alert 
the  operator  if  attention  (as  measured  by  the  parameter  in  question)  falls 
below  a specified  value. 


36 


— 1 


I 


I 


METHOD 


Subjects 

Twenty-four  naive  subjects  participated  in  the  experiment.  All  were 
males,  students,  with  no  previous  experience  in  flight  or  laboratory 
tracking  tasks.  The  average  age  of  the  subjects  was  22  years  ranging 
from  18  to  28. 


Apparatus 

Figure  1 presents  the  general  experimental  layout  of  the  study.  The 
equipment  included  a Raytheon  704  digital  computer  which  generated  Inputs 
to  a cathode-ray  tube  (CRT)  display  and  processed  signals  from  a decimal 
keyboard  and  a manual  tracking  controller.  The  computer  provided  digital 
signals  to  a symbol  generator  that  converted  them  to  analog  inputs  to  draw 
displays  on  a Hewlett-Packard,  4 (10.08  cm)  x 3-(7.56  cm)  inch.  Model  1300A 
CRT  for  the  digit  processing  and  tracking  tasks.  A light-touch  4x3 
matrix  keyboard  produced  digital  signals  for  direct  input  to  the  computer. 

The  controller  used  in  the  tracking  task  was  a spring-centered,  linear  dual- 
axis hand  control,  that  required  a 23  oz*  breakout  force  and  30  oz.  pressure 
to  maintain  a full  deflection.  Only  lateral  control  motion  was  involved, 
and  the  range  of  possible  lateral  deflection  was  ±35  degrees  (controller 
gain  in  the  present  experiment  was  10®/1  cm.  for  unit  gain).  An  auditory 
warning  device  generated  two  distinct  tones  to  provide  performance  feedback 
for  the  individual  tasks.  The  display  and  control  devices  were  located  ir 
a sound-attenuating  performance  booth  with  controlled  ventilation  and 
lighting. 

Peripheral  devices  used  to  input  subject  information  and  experimental 
conditions  and  to  print  out  Information  on  subject  performance  included  a 
magnetic  ta).e  dilve,  a card  reader,  a Gould  4800  electrostatic  line  printer, 
and  an  on-line  ASR-33  teletype. 

The  computer  program  Included  three  modes  of  operation.  In  mode  1, 
identification  information  for  each  subject  and  the  selection  of  the  ex- 
perimental phases  were  input  via  the  teletype  and  card  reader.  Mode  2 
included  the  generation  of  the  displays  and  processing  of  subject  performance 
Mode  3 generated  plots  and  tables  on  the  line  printer.  At  the  termination 
of  this  sequence,  the  program  returned  to  mode  1 for  further  instructions. 
Three  real-time  cycles  in  mode  2 included  one  of  20  msec,  to  refresh  the 
display;  one  of  60  msec,  to  process  inputs  from  the  keyboard  and  manual 
controller  and  to  calculate  information  used  in  the  refresh  cycle,  and  a 
one-second  cycle  to  keep  track  of  elapsed  time  in  each  phase,  to  terminate 
the  session  or  make  an  appropriate  change  in  conditions  during  a phase,  and 
to  record  performance  information  calculated  during  the  60  msec,  cycle. 
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Figure  1.  Equipment  interfaces  in  the  experiment. 
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Procedure 

Phase  1 tracking.  The  subject  performed  a one-dimensional  compensatory 
tracking  task  for  a four-minute  period  during  which  system  dynamics  were 
adaptively  manipulated  to  increase  and  decrease  task  difficulty.  This  was 
accomplished  by  adjusting  the  relative  portions  of  first  and  second-order 
determinants  according  to  the  error  output  of  the  subject.  This  adaptive 
variable  was  originally  suggested  by  Ince  and  Williges  (18)  and  has  been 
applied  to  adaptive  training  by  Gopher,  Williges,  Williges,  and  Damos  (19) 
and  to  adjustment  of  task  difficulty  by  Gopher  and  North  (14). 

The  subject  was  asked  to  keep  a moving  circle  in  the  center  of  a 
horizontal  bar  by  left-right  movements  of  the  controller.  A random-noise 
band-limited  disturbance  with  a cutoff  frequency  of  two  rad. /sec.  was  added 
in  parallel  with  the  stick  inputs  (disturbance  frequency  was  controlled  by 
a fifth-order  digital  filter  which  created  a -6  dB/decade  slope  within  the 
bandwidth  and  -20  dB/decade  slope  above  the  cutoff  frequency). 

Figure  2 presents  a block  diagram  of  the  tracking  system.  The  figure 
shows  the  first  and  the  second  integrators  and  their  respected  gains  and 
the  values  a and  1-a  which  determined  the  relative  portions  of  first  and 
second  integrations.  Each  integrator  was  followed  by  a limiter  which 
constrained  its  maximum  output  such  that  the  tracking  symbol  could  not  go 
off  the  screen  and  could  not  exceed  a certain  velocity.  The  system  was 
thus  inherently  stable.  This  was  necessary  to  protect  the  continuity  of 
the  experiment  and  constrain  the  task  to  the  general  ability  of  the  naive 
subjects.  Within  the  limits  the  system  revealed  the  characteristics  of  a 
linear  first  order,  second  order  or  mixed  system.  Error  tolerance  was  .10 
of  scale  absolute  error.  The  step  size  of  the  adaptive  variable  a w s .0005 
per  60  msec,  cycle.  After  four  minutes  of  adaptive  adjustment  a 
was  fixed  at  the  value  reached  by  the  subject,  and  he  was  given  an  additional 
two  minute  period  of  tracking  during  which  PMS  errors  were  recorded  over 
10  sec.  intervals.  Data  points  for  the  control  feedback  analysis  were 
recorded  before  the  operator  and  after  the  controller  to  model  the  subject. 

Phase  1 digit  processing.  Random  single  digits  between  zero  and  nine 
were  presented  on  the  CRT  display  and  were  cancelled  by  the  subject  by 
pressing  the  corresponding  digit  on  the  keyboard.  Wlten  a digit  was  correctly 
cancelled,  a new  digit  immediately  appeared  as  generated  by  the  computer 
(delay  was  60  msec.).  Average  latency  was  computed  for  successive  blocks  of 
five  trials.  The  subject  was  stopped  as  soon  as  the  difference  between  two 
successive  five  trial  blocks  was  less  than  five  percent,  but  not  before  the 
subject  performed  a minimum  of  20  trials.  Average  and  standard  devi  tion 
were  computed  for  the  final  ten  trials  of  this  task.  Values  for  both 
tracking  and  digit  tasks  were  stored  in  the  computer  for  use  in  Phase  2. 

Phase  2.  In  Phase  2 (five  minutes)  the  subject  was  instructed  to 
perform  both  tasks  simultaneously  to  the  best  of  his  ability  with  equal 
task  priorities.  The  acceleration  percentage  of  the  control  stick  and  the 
generation  rate  of  new  digits  (in  the  case  of  no  response)  were  those  that 
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were  obtained  by  each  subject  in  the  single  task  performance.  In  addition 
to  the  tracking  display  and  the  digits,  this  phase  included  a visual  feed- 
back indicator  for  each  task  which  appeared  as  a bar  graph  varying  in  height 
contingent  upon  performance.  This  performance  bar  could  move  vertically 
from  a zero  point  toward  the  top  of  the  display.  The  desired  level  of 
performance  was  Indicated  by  a short  horizontal  line  positioned  about  half 
the  distance  from  the  zero  point  to  the  top  of  the  display.  This  line  repre- 
sented the  average  of  the  single-task  performance  recorded  in  Phase  1 for 
each  subject. 

Thus,  if  this  average  is  regarded  as  an  estimate  of  subject’s  maximum 
ability,  Phase  2 imposed  a double-load  on  the  subjects.  The  distance  on 
the  display  from  the  zero  point  (no  bar  graph  showing)  to  the  desired 
performance  line  was  2.5  standard  score  units,  computed  by  subtracting  the 
momentary  tracking  error  score,  or  digit  latency  response  in  Phase  2,  from 
the  average  score  of  Phase  1 and  dividing  this  difference  by  the  standard 
deviation  about  the  subject’s  own  mean  in  Phase  1.  The  performance  bar  for 
the  tracking  represented  Integrated  error  over  ten  second  periods,  while 
blocks  of  five  trials  were  averaged  for  the  digit  task  performance  bar. 

Figure  3 depicts  the  general  form  of  the  display  in  this  phase. 

In  addition  to  the  visual  feedback,  an  auditory  warning  was  used  to 
indicate  an  error  score  or  a latency  score  1.65  standard  units  below  Phase  1 
performance.  Separate,  highly  dipcriminable  tones  were  used  to  signify 
degraded  performance  on  each  task.  Performance  meisures  were  stored  by  the 
computer  for  tabular  and  graphical  output  and  used  in  Phase  3. 

Phase  3.  Phase  3 was  identical  to  Phase  2 in  task  structure.  However, 
the  desired  level  of  performance  and  standard  deviation  used  in  manipulating 
the  performance  bars  and  auditory  warning  now  reflected  the  performance  in 
Phase  2 instead  of  Phase  1.  An  additional  manipulation  in  Phase  3 included 
the  presentation  of  different  desired  performance  levels  by  changing  the 
height  of  the  desired  performance  line  on  the  display.  The  investigation  of 
the  effect  of  these  changes  was  conducted  in  five  sub-phases.  Increased 
requirements,  indicated  by  a higher  desired  line,  actually  required  the 
subject  to  perform  at  .53  standard  units  better  than  his  average  performance 
in  Phase  2 (20  percent  increase  in  performance) , while  decreased  require- 
ments, indicated  by  a lowered  desired  line,  required  a performance  .53 
standard  units  below  his  average  (20  percent  decrease  in  performance).  The 
five  experimental  conditions  in  this  phase  included  increased  demand  on  one 
task  with  the  other  remaining  at  the  Phase  2 average  level  (two  conditions, 
labeled  3B  and  3C) , and  increased  demand  on  one  task  with  decreased  demand  on 
the  other  (two  conditions,  labeled  3D  and  3E) . The  fifth  condition  (3A) 
represented  the  equal  performance  demand  situation,  and  was  identical  to  the 
display  in  Phase  2.  The  order  of  presentation  of  conditions  3B,  3C,  3D, 
and  3E  was  counterbalanced  among  subjects. 
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Figure  3.  Subject's  display  in  Phase  2 (equal  task  priorities), 
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single  Task  Performance 

Table  1 presents  the  averages  and  standard  deviations  of  the  main 
performance  measures  on  the  two  tasks  in  the  single-task  condition. 

Table  1 

Measures  of  Single-Task  Performance 


Average 

SD 

Tracking  - Percentage  Acceleration 

80.75 

13.57 

- RMSE  (last  2 min.) 

.158 

.036 

Digit  Processing  - Response  Latency  (sec.) 

.902 

.142 

Both  the  acceleration  percentage  measures  cf  tracking  performance  and  the 
latency  of  correct  responses  in  the  digit  processing  task  Indicate  a rela- 
tively wide  range  of  Individual  differences  In  the  performance  of  these 
tasks.  A low  and  statistically  nonrellable  correlation  was  found  between 
subjects'  performance  scores  on  the  two  tasks  (r  - .096,  > .03).  This 

result  Implies  that  the  two  tasks  represent  different  ability  dimensions, 
although  both  are  composed  of  visual  processing,  motor  response  and 
reaction-time  pressure.  Major  differences  between  the  two  are  that  the 
tracking  is  externally  paced  and  continuous  while  the  digit  task  is  self 
paced  and  discrete.  Based  on  preliminary  testing.  It  was  determined  that 
the  four  minute  adaptive  training  would  be  sufficient  to  adapt  subject  to  a 
stabilized  level  of  performance  on  the  present  tracking  task.  It  was 
expected  that  this  method  would  equalize  subjects  with  regard  to  tracking 
errors  during  the  last  two  minutes  of  this  phase,  and  as  a result  the 
correlation  between  percent  acceleration  and  RMS  Error  would  be  negllble. 
This  correlation  was  Indeed  low  and  non-reliable  (r  - .!?,£>  .05)  con- 
firming the  success  of  the  adaptive  manipulation. 


Time-Sharing  Performance 

Digit  processing.  Three  major  component  scores  have  been  developed 
to  evaluate  digit  processing  performance  in  time-sharing.  The  first  Is 
the  average  response  time  (ART) , which  represents  the  average  latency  for 
all  the  responses  made  by  the  subject.  The  second  is  the  response  Interval 
(RI) , computed  by  dividing  the  total  time  of  the  session  by  the  total 
number  of  responses.  This  score  is  different  from  the  average  response 
time  because  some  of  the  digits  were  totally  irlssed.  The  last  score  Is  the 
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correct  response  Interval  (CRl)  computed  by  dividing  the  total  time  of  the 
session  by  the  number  of  correct  responses  only.  The  differences  between 
RI  and  CRT  provide  estimates  of  speed  accuracy  tradeoffs.  The  differences 
between  RI  and  ART  allow  a dictlnctlon  between  the  average  time  of  a single 
stlmulus-resoonse  cycle  (ART)  and  the  frequency  or  rate  o':  these  cycles 
(RI) . Table  2 presents  the  averages  of  the  three  measureii  in  the  various 
time-sharing  conditions.  The  horizontal  axis  of  the  m:;trt.x  represents  the 
tracking  task  demands.  The  vertical  axis  represents  the  digit  processing 


Table  2 

Performance  Measures  of  Digit  Processing  In  Time-Sharing 


Tracking  Demands 


ART  - Average 
response 
time 

RI  - Response 
Interval 
CRl  - Correct 
response 
interval 


Phase  2 (Equal  Priorities,  First 
Presentation)  ART  1.11 
RI  1.39 
GRI  1.72 


demands.  The  cells  within  the  matrix  are  the  various  tiue-r>harlng  coa- 
litions. Table  2 results  show  the  expected  improvement  of  the  average 
measures  as  the  demands  ou  the  digit  task  are  Increased.  There  is  a 
slight  deviation  from  this  trend  in  condition  3A  which  can  probably  be 
accounted  by  practice  effects,  because  this  condition  always  preceded 
the  other  four  conditions.  (The  order  of  presentation  of  the  latter  was 
counterbalanced  across  subjects.)  This  interpretation  is  further  supported 
if  the  results  of  Phase  2 and  3A  are  compared  (c  3A-2A,  RI  • 7.57, 
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£ < .001;  CRI  » 8.32,  £ < .001,  df  23;  no  reliable  difference  In  ART).  The 
general  Improvement  of  digit  processing  perfonr.ance  with  Increased  demand 
was  highly  reliable  in  analysis  of  variance  (ART,  F = 20.55,  £ < .001;  RI , 

F = 16.08,  £ < .001;  CRI,  F = 12.72,  £ < .001;  df  for  all  compar:fsons  2/46). 
Note  that  the  major  change  occurred  when  demand  was  increased  from  .5  to 
.7.  TI  ose  results  are  typical  for  high  ability  subjects  (as  these  subjects 
were  in  general)  and  are  related  to  the  experimental  instruction  to  keep 
the  level  of  performance  at  the  desired  performance  line  or  above  (North 
and  Gopher  (15)). 

Tracking  performance.  Prior  to  the  detailed  description  of  t/>.king 
performance  as  manifested  in  the  feedback  control  analysis,  it  might  be 
instructive  to  present  an  overview  of  the  manipulation  as  reflected  in  the 
general  Root  Mean  Square  (RMS)  error  scores.  Table  3 presents  the  average 
RMS  error  scores  in  the  various  time-sharing  conditions  and  in  single- 
task performance. 


Tracking  RMS 
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Table  3 

Error  Scores  (Percent  of  Scale)  i.;  Time-Sharing  Performance 


Single-Task  Performance  ■ .158 

Phase  2 (Dual-Task  Equal  Priorities)  « .502 


Table  3 results  demonstrate  the  success  of  the  experimental  manipulation. 
First,  there  is  a large  Increase  in  the  average  RMS  scores  from  single  to 
dual  task  performance.  Secondly,  within  the  dual-task  conditions  the  scores 
reveal  the  expected  monotonic  decrease  of  RMS  errors  as  the  demands  on 
tracking  Increase.  This  effect  was  highly  reliable  in  an  analysis  of 
variance  (F  » 17.42,  £ < .001,  df  2/46).  Note  again  that  the  difference 
between  the  .5  and  .7  levels  is  much  largsr  than  the  difference  between  .5 
<*nd  .3  demands.  Holding  constant  the  tracking  demands  and  increasing  the 
demand  on  digit  processing  (3E-3C,  3A-3B) , produced  an  increase  in  the 
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average  RMS  score,  although  this  Increase  failed  to  reach  the  coounon  levels 
of  statistical  reliability. 


Feedback  Control  Analysis 


Symbols  and  Abbreviations 

eC**)  Error  signal  (displayed  input)  in  time  domain 

o(t)  Operator  stick  output  in  time  domain 

HFM  Average  high  frequency  output  magnitude  (3.3-10  rad. /sec.) 

LFM  Average  low  frequency  output  magnitude  (.24-3.3  rad. /sec.) 

RMSE  Root  Mean  Square  Error  (percent  of  scale) 

S LaPlace  operator 

Fourier  transform  of  error  signal 
4>^*  Inverse  Fourier  transform  of  error  signal 

Fourier  transform  of  output  signal 
Inverse  Fourier  transform  of  output  signal 
Effective  time-delay 

u 0 dB  crossover  frequency 

K Controlled  element  percentage  acceleration,  (a) 

cl 

On  each  tracking  trial,  the  displayed  err'^r  signal  e(t),  and  the 
subject's  output  signal  o(t)  were  sampled  at  a frequency  of  13  Hz  for  a 
period  of  123  seconds,  or  a total  of  2048  samples.  Employing  the  Fast 
Fourier  Transform  of  these  signals,  the  quantities  and  4 * 

were  then  obtained.  From  these  quantities.  Bode  plots  of  the*^phase  and 
amplitude  ratio  characteristics  were  constructed  for  each  subject  in  each 
time-sharing  condition  (20).  Since  subject  output,  rather  than  system 
output  was  measured,  the  Bode  plots  represented  the  open-loop  dynamics  of 
the  subject  alone,  rather  than  those  of  the  man-machine  system,  reflecting 
our  concern  with  human,  rather  than  man-machine  system  behavior.  Because 
the  particular  system  dynamics  employed,  containing  limiters  that 
guaranteed  system  stability,  were  unlike  those  normally  used  in  engineering 
oriented  tracking  research,  no  prior  assumptions  were  made  concerning  the 
form  of  the  operator  describing  functions,  and  no  attempts  were  made  to 
fit  the  tracking  data  to  any  specific  quasl-llnear  model.  The  main  objective 
of  the  analysis  was  to  determine  the  changes  in  parameters  that  assessed 
tracking  time-delay,  gain,  and  remnant  or  noise,  under  various  time- 
sharing loads,  rather  than  to  determine  the  agreement  of  these  parameters 
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with  the  predictions  of  any  particular  model • Furthermore,  because  data 
points  were  not  calculated  for  the  low  frequency  region  — a region  that 
was  not  of  great  interest  in  our  research  — no  effort  was  made  to  determine 
a complete  describing  function  modeling  the  subject's  tracking  behavior. 

Gain  parameters > Linear  regression  lines  were  fit  to  the  29  amplitude- 
ratio  points  of  the  original  Bode  plots,  for  each  subject  in  each  condition. 
Figure  4 shows  an  example  of  the  amplitude  ratio  and  phase  lag  plots  of 
the  outputs  of  two  subjects  in  Phase  3E  (dual  task  performance:  tracking  .7, 
digits  ,3),  Note  that  the  two  subjects  have  very  different  portions  of 
first  and  second  order  elements  in  system  dynamics  (.600  and  .986).  The 
linear  fit  for  the  amplitude  ratio  functions  of  the  two  subjects  is  quite 
satisfactory  especially  in  the  crossover  region. 

The  two  Bode  plots  are  typical  to  the  behavior  of  all  subjects  in  all 
conditions, including  single-task  performance.  The  linear  correlations  of 
the  regression  lines  were  uniformly  high  (average  r = -.81)  and  the  goodness 
of  fit  of  the  lines  increased  with  increased  demands  on  the  tracking  task. 

The  slopes  of  the  amplitude  ratio  functions  were  found  to  average 
slightly  over  -20  dB/decade  and  it  was  therefore  assumed  that  subjects  were 
responding  approximately  as  a first  order  (k/S)  system.  Given  thj^ 
assumption,  two  general  gain  parameters  were  extracted:  the  intercept  of 

the  regression  line  (technically  the  subject's  log  amplitude  ratio  at 
1 radian/sec.),  and  the  0 dB  crossover  frequency  of  the  subject  alone.  These 
are  both  parameters  that  would  be  assumed  to  covary  positively  with  subject 
gain.  In  addition,  because  the  system  gain  varied  from  subject  to  subject 
according  to  the  percentage  acceleration,  it  was  felt  that  the  combined  gain 
of  the  man-machine  system  may  represent  a parameter  that  is  less  sensitive 
to  variation  in  system  dynamics.  Thus  the  man-machine  crossover  frequency  (w^) 
was  adapted  as  another  measure  of  system  gain,  was  computed  by  combining 

the  known  amplitude  ratio  function  of  the  system  (within  the  constraints) , 
with  the  empirically  derived  function  of  the  subject,  and  determining  the 
resulting  frequency  at  which  log  (AR)  * 0,  (a)  . Table  4 presents  the 
amplitude  ratio  parameters  in  the  various  experimental  conditions,  ordered 
according  to  decreasing  priority  on  the  tracking  task. 

Table  4 

Amplitude  Ratio  Parameters  of  Tracking  Performance 

i Intercept  Operator  Operator  + 

(dB  at  1 rad.)  w ( ' 'd.)  System  o)  (rad.) 

S Linear  Fit 


X 

SD 

X 

'-D 

X 

SD 

(Median  Covrelation) 

Single  Task 

17.15 

1.78 

4.59 

.73 

3.91 

.34 

.88 

Phase  3E 

15.50 

3.85 

4.04 

1.02 

3.66 

.21 

.87 

Phase  3C 

14.66 

3.00 

4.13 

.80 

3.76 

.39 

.79 

Phase  3A 

13.47 

3.18 

3.74 

.55 

3.57 

.30 

.79 

Phase  2 

12.71 

3.35 

3.69 

.68 

3.49 

.19 

.78 

Phase  3B 

13.23 

2.98 

3.80 

.87 

3.64 

.43 

.76 

Phase  3D 

13.43 

3.79 

3.69 

.55 

3.51 

.19 

.78 
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As  Table  4 shows,  there  Is  a monotonlc  decrease  of  all  the  gain 
parameters  as  the  demand  on  the  tracking  task  decreases.  The  largest  de- 
crease occurs  in  the  transition  from  single  to  dual-task  perfrrmance.  These 
results  correspond  with  the  RMS  analysis  presented  in  Table  3,  Note  that 
the  correction  for  system  dynamic  by  computing  the  operator-system  w , 
reduced  considerably  the  standard  deviations  of  the  average  estimates.  The 
analysis  of  variance  of  these  differences  proved  the  decrease  of  gain  with 
decreased  demand  on  the  tracking  task  to  be  statistically  reliable. 

(F  ratios  for  the  various  measures  are:  Intercept,  F = 10.85,  £ < .001; 

Operator  o)  , F = 10.74,  £ < .001;  Operator-System  w , F = 13.73,  £ < .001; 
df  for  all^analyses  were  3/69).  The  differences  between  the  conditions 
remained  statistically  reliable  when  single-task  measures  were  removed  and 
dual-task,  time-sharing  conditions  were  compared  within  themselves.  In 
this  second  analysis  the  operator  alone  parameter  reached  only  the  10 
percent  level  of  significant  (primarily  due  to  the  large  standard  deviations), 
while  the  Intercept  and  the  combined  operator  machine  reached  .02  and 
.04  levels  of  significance  respectively. 

A further  clarification  of  the  amplitude  ratio  results  can  be  gained 
if  we  examine  the  amplitude  ratio  functions  averaged  across  subjects,  as 
presented  in  Figure  5.  Figure  5 presents  the  average  functions  for  the 
major  four  experimental  conditions.  The  large  difference  between  single 
and  dual-task  conditions  is  very  clear.  Within  the  dual- task  conditions 
the  differences  are  larger  in  the  low  frequency  as  compared  with  the  high 
frequency  regions.  Subjects  appear  to  introduce  larger  gain  compensation 
in  the  low  frequency  region.  Figure  6 shows  the  effects  of  practice  on  time- 
sharing performance  comparing  Phase  2 (the  first  dual-task  condition)  and 
Phase  3A  (the  second  replication  of  equal  task  priorities).  The  effects  of 
increased  practice  are  similar  to  those  of  increased  demand;  higher  inter- 
cept, and  higher  crossover  frequency. 

Another  trend  that  can  be  observed  in  Table  4 is  the  increased  linear 
fit  of  the  regression  line  extracted  for  the  amplitude  ratio  function  with 
increased  demands  on  tracking.  This  trend  was  statistically  tested  by  sign 
sts,  which  compared  the  regression  coefficients  of  the  subjects  for  each 
pair  of  experimental  conditions,  and  pro^'ed  to  be  statistically  reliable  (£<,05) . 
The  difference  between  Phases  3E  and  3C  was  also  reliable,  i.e.,  when 
tracking  demands  remained  at  .7  level  and  the  demands  on  digit  processing 
were  Increased  from  .3  to  .5  there  was  a decrease  in  subject's  linearity 
(£  < .02). 

Time  delay  measures.  While  the  amplitude  ratio  data  for  ail 
subjects  produced  relatively  linear,  organized,  and  consistent  sets  of 
results,  the  Bode  plots  of  the  subject's  phase  data  Indicated  much  lower 
consistency  and  increased  deviation  from  strict  linear  predictions.  For 
example,  linear  correlations  between  phase  lag  and  frequency  (predictably 
high  and  negative  for  a pure  time  delay),  were  generally  low,  rarely 
reaching  reliability.  A part  of  this  difficulty  is  probably  attributable 
to  the  use  of  a random,  as  opposed  to  a deterministic  process  to  generate 
the  input  signals.  This  factor,  coupled  with  the  limited  amount  of  mea- 
surement data  (2  minutes)  used  to  generate  each  Bode  plot,  made  it  unlikely 
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Figure  5.  Operator’s  amplitude  ratio  functions  in  four  experimental 
conditions  (average  across  subjects). 
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that  all  measurement  frequencies  would  be  adequately  represented  in  the 
input  signal  for  a given  trial,  thereby  producing  noisy  data.  An  additional 
contributing  factor  may  be  the  subject  performance  included  intermlttencies 
and  inconsistencies  under  time-sharing  effecting  primarily  the  phase  data. 
(This  possibility  is  enhanced  as  a result  of  the  inherent  stability  of  the 
controlled  element.)  Typical  examples  of  phase  lag  data  can  be  observed  in 
the  Bode  plots  of  the  two  subjects  in  Figure  4. 

Despite  the  reduced  quality  of  the  data,  an  effort  was  made  to  obtain 
general  time-delay  measures  of  subject's  performance.  One  measure  was  the 
average,  overall  time  lag  of  the  response  (including  equalization  factors 
and  effective  time-delay).  This  measure  was  computed  by  dividing  the  p>hase 
shift  of  each  data  point  by  the  corresponding  frequency  and  averaging  across 
frequencies  from  1.4  to  9.5  Rad. /Sec.  The  second  measure  was  the  effective 
(pure)  time-delay.  To  obtain  this  measure  unconfounded  with  the  phase  lag 
contributed  by  the  subject's  equ«:lization  strategy  (in  this  instance, 
normally  approximating  the  behavli>r  of  a single  integrator),  the  equaliza- 
tion factor  was  first  inferred  from  the  slope  of  the  amplitude  ratio  data 
for  each  subject.  This  factor  was  then  transformed  to  a constant  phase 
equalization  (normally  around  tt/2  radians),  and  then  subtracted  at  each 
measurement  frequency  from  the  total  phase  lag,  to  reveal  the  component 
of  phase  lag  due  to  pure  time-delay  (i.e«,  that  component  unassociated  with 
equalization  elements).  The  effective  time  delay  measure  was  then  obtained 
by  dividing  the  phase  shift  at  each  measurement  frequency,  by  measurement 
frequency,  and  averaging  across  the  21  data  points  from  1.4  rad. /sec.  to 
9.5  rad. /sec. 

Finally,  it  was  desirable  to  define  a measure  of  the  consistency  of 
subject  behavior  because  linear  fit  measures  were  unsatisfactory  in  the  anal- 
ysis of  phase  data.  It  was  determined  to  adapt  the  standard  deviation  of  the 
effective  time-delay  measure  across  the  21  data  points  as  an  estimate  of  the 
subject's  consistency. 

Table  5 presents  the  values  of  the  three  time  measures  in  the  various 
experimental  conditions.  As  the  table  shows  both  the  overall  time-delay 
and  the  effective  time-delay  do  not  exhibit  much  variation  in  the  different 
experimental  conditions,  including  single-task  performance.  The  average 
effective  time  delay  decreases  as  tracking  demands  in  the  dual-task 
situation  were  increased  from  .3  (3D)  to  .5  3A)  to  .7  (3E)  but  these 

differences  did  not  reach  statistical  reliab:.lity . The  only  reliable 
differences  in  the  average  time  measures  is  the  increase  of  the  effective 
time-delay  from  3E  to  3C  (holding  high  demands  on  the  tracking  constant 
and  increasing  digit  processing  demands;  t » 2.103,  df«23,  £ < .05). 

The  consistency  measures  in  Table  5,  however,  do  manifest  the  effect 
of  the  manipulation  with  increased  consistency  as  tracking  demands  increase. 
These  results  correspond  with  the  results  of  the  amplitude  ratio  analysis 
and  were  statistically  reliable  (sign  tes^s  for  the  pairs,  2A-3A-practice 
effects,  3E-3A,  3E-3D,  3C-3E,  3E-3D,  all  reached  .01  levels  of  significance, 
and  the  single-task  performance  had  reliably  the  lowest  variability) 
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Table  5 


Operator  Time  Delay  Parameters  In  Tracking  Performance 
(average  across  frequencies) 


Overall  Time  Lag 
(sec.) 

Effective  Time-Delay 
Te  (sec.) 

Tg  Consistency, 

SD  Within  Subjects 
(sec.) 

X 

SD 

X 

SD 

X 

1 

1.13 

.07 

.337 

.118 

.192 

3E 

1.07 

.12 

.281 

.140 

.203 

3C 

1.06 

.12 

.355 

.156 

.264 

3A 

1.04 

.13 

.346 

.174 

.326 

?A 

1.04 

.13 

.365 

.169 

.333 

3B 

1.06 

.14 

.365 

.161 

.351 

3D 

1-06 

.16 

.353 

.207 

.358 

Magnitude  spectra.  The  third  aspect  examined  in  the  feedback  control 
analysis  was  the  subject's  output  magnitude  spectrum,  . For  the 

purposes  of  the  analysis,  this  spectrum  was  divided  into  two*^regions:  the 

range  from  0.24  rad. /sec.  to  3.3  rad. /sec.,  encompassing  the  power  within 
the  input  signal  bandwidth,  and  the  range  from  3.3  rad. /sec.  to  10  rad. /sec., 
representing  only  power  beyond  the  cutoff  frequency,  and  therefore  the  power 
generated  only  by  the  subject.  This  latter  component  the'^  represents  the 
high  frequency  portion  of  remnant  power. 

An  estimate  of  the  mean  magnltude/rad./sec.  in  each  of  these  regions  was 
then  obtained  for  each  subject  and  condition,  by  averaging  the  magnitude 
values  across  measurement  frequency.  Separate  measures  were  employed  for 
later  analysis  of  the  mean  low-frequency  magnitude  (LFM) , and  the  mean 
high-frequency  remnant  magnitude  (HFM) . 

Table  6 presents  the  output  magnitude  measures  of  the  two  regions  for 
the  different  experimental  conditions.  There  is  a general  increase  of  the 
output  magnitude  in  the  dual-task  conditions  as  compared  with  the  single- 
task condition.  This  Increase  is  much  more  pronounced  in  the  low  frequency 
region.  Within  time-sharing  conditions,  if  the  three  major  conditions  are 
compared  (3E  (.7)  - 3A  (.5)  - 3D  (.3))  an  interesting  reversal  is  revealed. 
While  the  low  frequency  magnitude  is  negatively  related  to  increase  in 
tracking  demands,  tracking  demand  and  average  magnitude  are  positively 
related  in  the  high  frequency  region.  The  Interpretation  of  this  outcome, 
which  is  believed  to  be  related  to  the  general  strategy  of  the  subjects 
in  the  performance  of  the  present  tracking  task,  is  postponed  until  the 
general  discussion  section. 

Figure  7 presents  an  example  of  the  magnitude  spectra  of  subjects  3 and 
8.  Subject  8 results  are  presented  for  both  single-task  and  time-sharing 
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Tabic  6 

Operator  Average  Output  Magnltufie  in  Low  and  High  Frequency  Regions 


Conditions 

Low  Frequence  Magnitude  aB 
(.24  - 3.3  Rad. /Sec.) 

High  Frequence  Magnitude  aB 
(3.3  - 10  Rad. /Sec.) 

X 

SD 

X 

SD 

Single-Task 

31.34 

7.98 

11.89 

4.94 

3E 

52.81 

18.4 

16.56 

7.61 

3C 

57.53 

15.23 

14.94 

5.31 

3A 

58.47 

21.27 

16.83 

7.52 

2A 

55.32 

21.10 

13.85 

6.11 

3B 

54.26 

17.64 

13.16 

5.54 

3D 

59.91 

18.82 

14.07 

5.44 

performance.  Note  the  difference  in  the  output  magnitude  of  subject  8 
in  single  and  dual-task  conditions,  and  the  difference  between  the  two 
subjects  (with  different  system  dynamics).  Subject  3 reveals  higher 
response  magnitudes  In  the  low  frequency  region,  while  subject  8 Is  higher 
in  the  medium  and  high  regions. 


Correlation  of  feedback  control  parameters  with  RMS  errors.  Subjects' 
performance  In  the  various  time-sharing  conditions  revealed  relatively  large 
variability  of  performance  effectiveness  as  defined  by  tnr'  overall  RMS  error 
scores.  It  may  be  Informative  to  examine  the  relation  between  these  scores 


and  the  feedback  control  parameters.  These  correlations  are  presented 
Table  7 for  the  main  feedback  control  parameters.  The  table  indicates 

Table  7 

Correlations  of  Feedback  Control  Parameters 
with  RMS  Error  Scores  in  Time-Sharing  Performance 

in 

that 

Conditions/ 

Parameter 

Amplitude 
Ratio  Intercept 
(1  rad. /sec.) 

Subject 

U) 

c 

Overall 
Time  Lag 

Effective 

Time-Delay 

LFM 

HFM 

Phase  3E 

-.276 

-.443* 

-.185 

.039 

.599**  . 

53  ** 

3C 

-.68  ** 

-.36 

-.18 

.332 

. 700**  . 

406* 

3A 

-.529** 

-.491* 

.03 

.499* 

.66  **  . 

383 

2A 

-.33 

-.244 

-.166 

-.02 

.220 

198 

3B 

-.662** 

-.62  ** 

-.168 

.172 

.483* 

329 

3D 

-.53  ** 

-.13 

.056 

.446* 

.522**  . 

135 

*£  < .05 

**£  < .01 
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the  best  predictors  of  RMS  errors  are  the  -low  frequency  magnitude  scores 
(positive  correlation)  and  the  amplitude  ratio  intercept  (negative  correla- 
tion). The  first  can  be  regarded  as  an  estimate  of  the  subject  low  frequency 
remnant,  while  the  second  represents  the  low  frequency  gain.  Note  that  high 
frequency  magnitude  is  mostly  uncorrelated  with  RMS  error.  Another  Inter- 
esting result  is  that  there  are  two  reliable  correlations  of  effective  time- 
delay  with  RMS  erroT^'bOth  are  In  conditions  that  Include  high  demands  on 
the  digit  task  %dille  tracking  Is  lower  or  equal. 

The  effect  of  the  adaptive  manipulation.  The  last  group  of  results  is 
concerned  with  the  adaptive  adjustment  of  control  dynamics  to  the  ability 
of  each  individual  subject.  With  Increased  portions  of  second  order 
integrations  in  the  controlled  element  dynamics,  subjects  were  expected 
to  Introduce  Increased  lead  to  compensate  for  the  Increased  lag  of  the 
system.  In  a pure  second  order  system  subjects  were  expected  to  act  as 
a differentiator  (20).  However,  It  has  already  been  shown  In  previous 
sections  that  the  linear  portion  of  subjects  behavior  can  best  be 
approximated  by  an  integrator.  This  behavior  Is  most  salient  In  the  Bode 
plots  of  subjects  3 and  8 (Figure  4)  In  both  the  amplitude  ratio  and  phase 
lag  data. 

In  both  plots  the  contribution  of  t Is  evident  at  high  frequencies. 
However,  the  equalization  factor  of  the  two  subjects  appears  to  be  In  the 
opposite  direction  from  that  which  would  be  predicted  from  the  dynamics 
of  the  system  being  controlled.  Subject  #3,  controlling  ' system  that  Is 
a mixture  of  first  and  second  order  elements,  shows  a phase  lag  of  approxi- 
mately 2.3  rad. /sec.,  while  subject  ^8,  controlling  what  is  essentially  a 
pure  second  order  system  manifests  a greater  phase  lag,  approximately 
3.1  rad. /sec.  The  data  thus  suggests  that  subjects  did  not  adapt  their 
equalization  strategy  to  the  dynamics  of  the  system,  but  rather,  compensated 
for  the  greater  difficulty  of  the  higher  order  system  by  some  other 
strategy  (It  should  be  remembered  that  the  stability  of  the  system  was 
protected  by  the  limiters) . 

To  identify  the  feedback  control  correlates  of  the  adaptive  manipula- 
tion the  percentage  acceleration  measure  was  correlated  with  the  feedback 
control  measures  In  both  single  and  dual-task  conditions.  The  percentage 
acceleration  score  did  not  produce  reliable  correlations  with  RMS  error 
scores  In  single  or  dual-task  performance.  The  main  feedback  control  measure 
which  showed  reliable  and  relatively  high  correlations  with  percentage 
acceleration  throughout  the  experiment  was  the  high  frequency  magnitude 
measure.  In  slngle-tisk  performance  this  correlation  was  .515  (£  < .01) 
and  In  Phase  2 r * .658,  £ < .01.  This  pattern  of  correlations  repeated 
In  other  time-sharing  conditions  (3A,  r ■ .423,  £ < .05;  3B,  r « .452, 

£ < .05;  3C,  r • .475,  £ < .05;  3E,  r •»  .447,  £ < .05).  The  correlations 
between  percentage  acceleration  and  low  frequency  magnitude  were  always 
lower  and  mostly  nonreliable.  These  correlations  suggest  that  subjects 
were  compensating  for  Increased  percentage  acceleration  bv  a non-linear, 
high  frequency  strategy  (such  as  "bang-bang"  control)  which  was  manifested 
In  the  HFM  data. 
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DISCUSSION 


The  current  results  may  be  considered  along  two  different  dimensions; 
the  main  effects  of  the  attention  manipulations  on  tracking  performance, 
and  the  between-subject  correlation  effects.  The  first  dimension  consists 
of  those  control  theory  parameters  that  show  systematic  shifts  in  their 
value  as  a function  of  increasing  or  decreasing  demand  on  the  tracking 
task.  The  second  dimension  included  the  correlational  effects  obtained 
between  various  experimental  variables.  These  correlations  provided  confir- 
Hiative  or  supportive  evidence  for  the  conclusions  drawn  from  the  main  effects. 
In  the  following  discussion,  these  two  dimensions  will  be  treated  in 
parallel. 

In  the  first  place,  clear  evidence  was  provided  that  the  overall 
measure  of  tracking  perrormance  (RMSE)  was  sensitive  to  the  experimental 
manipulation  of  attention  allocation.  RMSE  rose  monotonically  as  less 
attention  was  required  of  (and  presumably  devoted  to)  the  tracking  task. 
Furthermore,  for  equal  tracking  demand  conditions,  RMSE  rose  as  more 
attention  was  demanded  by  digit  processing. 

The  feedback  control  analysis  of  subjects*  tracking  behavior  revealed 
that  this  behavior  can  best  be  approximated  by  a k/S  system,  and  that  the 
goodness  of  fit  of  this  approximation  increased  with  Increase  of  tracking 
priorities.  This  behavior  clearly  deviates  from  the  strict  predictions  of 
McRuer’s  v Idely  accepted  crossover  model  (21)  which  requires  the  operator 
in  a second  order  system  (k/S^)  to  respond  as  a kS  or  a differentiator,  such 
that  the  joint  transfer  function  of  the  man-machine  system  will  become  k/S, 

The  deviation  of  the  present  experiment  from  these  predictions  can  be 
accounted  for  by  two  major  factors,  the  nature  of  the  system,  and  the  lack  of 
experience  of  the  naive  subjects. 

An  Irapr  tant  feature  of  the  present  tracking  system  was  the  inclusion 
of  limiters  chat  guaranteed  the  stability  o^  the  system.  These  limiters 
were  necessary  to  avoid  abrupt  discontinuities  of  the  experiment  when  the 
subject  temporarily  lost  control  over  the  situation,  in  particular  under 
time-sharing  conditions.  Without  the  limiters,  the  tracking  symbol 
could  go  off  the  screen  for  relatively  long  periods  and  return  to  the 
screen  from  an  unexpected  direction.  In  turn,  such  an  event  could  upset 
the  subjects,  interfere  with  the  continuity  of  the  experiment  and  create 
difficulties  in  the  measurement  and  interpretation  of  results  (this  is 
especially  true  for  naive  and  unexperienced  subjects).  The  limiters  can 
therefore  be  perceived  as  created  to  satisfy  ’’Psychological  Reality."  In 
the  present  context  this  requirement  result  d in  a controlled  element 
which  differs  from  similar  systems  employed  in  control  theory  research. 

Given  the  stability  of  the  controlled  elements,  where  the  effects  o^  large 
errors  are  tempered,  the  subjects  adapted  a response  mode  which  haf  Seen 
shown  to  be  appropriate  to  an  unconstrained  position  system  (21),  -.e., 
their  rate  of  response  was  proportional  to  the  position  of  the  tracking 
symbol  on  the  screen. 
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This  mode  of  response  caused  an  increased  mismatch  between  system 
dynamic  and  subject  behavior  with  increased  percentage  acceleration, 
because  within  the  constraint  the  present  system  revealed  the  characteristics 
of  a linear  system.  To  compensate  for  this  mismatch  subjects  appear  to 
employ  a second,  non-linear,  high  frequency  response  strategy,  such  as 
”bang-bang**  control  or  Sj.aiilar  behavior.  This  interpretation  is  supported 
by  several  experimental  indications.  First,  a positive  correlate  was 
shown  between  the  percentage  acceleration  scores  and  thi*»  high  frequency 
output  measures  of  subjects’  performance,  while  no  systematic  correlations 
were  found  between  the  above  two  variables  and  RMS  error  scores.  Hence, 
the  high  frequency  output  magnitude  scores  seem  to  include  an  effective 
response  strategy  which  is  related  to  the  order  of  the  system,  or  to  the 
degree  of  mismatch  between  the  linear  response  mode  of  the  subjects  and 
the  actual  system  dynamics.  Secondly,  increased  demands  on  the  tracking 
task  in  time-sharing  produced  a monotonic  increase  of  the  high  frequency 
magnitude  average  (Table  6),  without  changing  the  pattern  of  correlations 
with  RHSE.  The  subjects,  therefore,  appear  to  use  both  linear  and  non-linear 
response  modes  to  correct  errors,  compensate  for  system  lags,  and  improve 
performance  with  increased  demands. 

The  major  objective  of  the  component  analysis  of  tracking  behavior  in 
time-sharing,  was  to  determine  what  specific  processing  changes  underlie 
changes  in  RMS  errors,  as  revealed  by  the  fine-grained  analysis  provided 
by  feedback  control  theory.  Table  4 suggests  that  a fundamental  effect  of 
attention  demand  occurred  in  the  measures  of  tracking  gain.  The  two 
parameters  that  would  normally  correspond  with  a measure  of  overall 
subject  gain,  the  1 rad ./sec.  amplitude-ratio  value  (Intercept)  and  the 
subject  crossover  frequency,  both  are  monotonically  and  reliably 
decreasing  as  less  attention  is  deovted  to  tracking.  That  this  effect 
is  one  that  is  responsible  for  the  overall  decrease  in  RMSE,  is  given  some 
support  by  the  fact  that  the  correlations  between  RMSE  and  intercept,  and 
between  RMSE  and  crossover  freqt^ency  are  uniformly  negative  and  in  most 
cases  relatively  high  and  statistically  reliable.  Thus  subjects  with  high 
gain  values  are  found  to  be  better  trackers,  while  the  gain  value  for  all 
subjects  tends  to  decrease,  along  with  increased  RMSE, with  decreasing 
attention^  This  relation  between  gain  and  attention  is  similar  to  that 
obtained  by  Wickens  (10)  and  Bacy  (11) , who  found  gain  (as  measured  by  the 
man-machine  u)  ) to  decrease  significantly  from  single  to  dual  task  condi- 
tions, ^ 

The  '^.urrent  results  suggest  further  that  gain  is  a parameter  that  may 
be  adjusted  continuously,  in  accordance  with  relatively  subtle  cognitive 
priorities  and  demands,  a lability  which  was  previously  demonatratiid  by 
Rupp  (22).  The  view  of  tracking  gain,  as  a parameter  that  directly  reflects 
the  amount  of  attention  allocated  to  a task,  and  thus  represents  some  <^ort 
of  a measure  of  ’^effort,**  receives  support  from  a number  of  converging 
sources.  Kahneman  (23)  has  argued  that  attention  and  effort  may 
be  conceptualized  as  closely  related  internal  processes.  Since  mean- 
squared  control  velocity,  and  therefore  physical  effort  or  exertion 
increases  monotonically  with  gain,  and  gain  here  is  found  to  increase  with 
attention,  it  may  well  be  that  phys-*cal  effort  (gain)  and  mental  effort 
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^Attention)  are,  in  fact  closely  interrelated  in  the  present  manual  control 
task. 


A second  parameter  that  appears  to  be  affected  by  the  attention 
demands  of  the  second  task  is  the  measure  of  tota*  low-frequency  output 
magnitude  (power  below  3 rad. /sec.),  referred  to  as  T.FM.  A comparison 
between  the  single-task  condition  level  and  the  mean  time-sharing  levels  of 
the  LFM  parameter  revealed  a significant  increase  when  the  secondary  task 
was  required.  Furthermore,  as  tracking  demand  decreased  within  the  time- 
sharing conditions,  LFM  appeared  to  increase  still  f *rther.  Ir  should  be 
noted  that  the  components  of  LFM  come  from  two  sourcts;  the  error-correlated 
power,  and  the  subject- injected  remnant  power.  However,  since  the  error- 
correlated  comptment  would  decrease  as  gain  decreased,  and  a large  drop  in 
gain  was  obtained,  both  from  single  to  dual  task  performance,  and 
tracking  demand  decreased  in  dual  task  conditions,  it  is  clear  tha . an 
increase  in  the  injected  remnant  component  rather  than  the  correlated  power, 
was  responsible  for  the  increase  in  total  LFM,  as  the  time-sharing  task  was 
added  and  as  demand  for  tracking  decreased.  The  between-subject  correlation 
data  suggest  that  this  remnant  increase  was  ”non-adaptive,"  in  the  sense 
that  it  contributed  to  an  overall  increase  in  RMSE,  since  the  correlations 
between  LFM  and  RMSE  were  uniformly  high  and  positive  across  all  conditions 
(average  correlation  = +.530). 

Further  evidence  that  remnant  power  reflects  qualitatively  the  amount 
of  attention  devoted  to  tra  king  is  provided  by  the  results  that  the  linear 
fit  of  the  amplitude  ratio  ^unction  decreases  systematically  as  tracking 
demand  is  decreased.  This  linea * fit,  reflecting  the  subject's  degree  of 
linearity,  could  be  expected  to  decrease  as  more  remnant  power  is  con- 
tributed by  the  subject.  The  notion  that  remnant  level  (at  low  frequencies) 
is  reflective  of  attention  demands  receives  support  in  the  experimental 
literature  from  the  research  of  Levison,  ^ al . (9),  Wickens  (10),  and 
Baty  (11).  Specifically,  Levison,  £t  obtained  similar  results  to  the 

findings  reported  here,  that  remnant  level  reflects  in  a quant itacive 
manner,  the  amount  of  attention  allocated  to  a tracking  task  (in  their 
case,  manipulated  by  adding  one,  two,  or  three  concurrent  tracking  tasks). 

The  above  discussion  of  ac tent ion-related  increases  in  remnant  power 
rererred  only  to  power  within  the  low  frequency  region  (LFM).  Although  an 
increase  was  also  observed  in  HFM  from  single  to  dual  task  performance, 
it  should  be  noted  that  this  was  not  statistically  reliable,  and  turthermore 
may  well  have  been  attributable  to  the  subject's  adaptive  non-linear  control 
strategies  described  in  previous  sections. 

The  current  results  indicated  an  absence  of  an  observed  effect  of 
attention  demand  on  the  measure  of  processing  time  delay,  Te.  This  is 
surprising,  in  light  of  the  general  association  in  psychological  research, 
of  time-delay  and  attention  (24),  and  the  fact  that  some  manual  control 
studies  have  directly  observed  an  increase  in  time-delay  (oi  an  equivalent 
measure)  as  a function  of  the  presence  of  a secondary  task  (3,  5,  6,  7). 
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It  may  be  argued,  of  course,  that  the  current  phase  lag  data  were 
sufficiently  noisy  so  as  to  preclude  obtaining  consistent,  sensitive 
measures  of  time-delay,  and  this,  of  course,  is  a realistic  possibility. 
However,  four  factors  negate  this  argument.  In  the  first  place,  the 
results  are  consistent  with  those  obtained  by  Wickens  (10)  and  Levison, 

£t  al.  (9),  who  also  found  divideo  attention  effect j localized  only  in 
gain  and  remnant  measures.  In  the  second  place,  at  least  one  experimental 
manipulation  in  the  current  experiment,  the  attention  demanded  by  digit 
processing  when  tracking  demand  was  held  constant,  did  significantly  affect 
the  mean  level  of  the  measured  t parameter.  Thirdly,  in  time-sharing  con- 
ditions where  digit  processing  priorities  were  equal  or  higher  than  those 
of  the  tracking  task,  significant  correlations  were  found  between  x and 
RMSE  in  the  expected  direction  (subjects  with  higher  RMSE  scores  tracked 
with  greater  Finally,  the  consistency  of  the  x measures  reliably 

increased  with  increase  in  the  relative  priorities  of  tracking.  This 
suggests  that  the  experimental  measure  of  x was  in  fact  a behaviorally 
real  one,  which  was  relatively  insensitive  to  experimental  manipulation. 

Together,  the  results  of  the  analysis  for  the  gain  and  time-delay 
parameters  suggest  that  the  voluntary  adjustment  and  recllocation  of 
attention  is  primarily  accomplished  by  changes  in  the  operator  gain  parameters. 
Time  parameters,  though  contributing  to  the  overall  efficiency  of  performance, 
are  not  as  readily  adjusted  in  time-sharing  performance.  Instead,  however, 
tracking  processing  delay  is  influenced  indirectly  by  the  attention  demanded 
by  the  digit  processing  task.  As  the  demand  for  the  digit  task  increases, 
for  a given  level  of  tracking  demand,  the  time  to  process  the  tracking  signal 
increases.  Thus  there  appears  to  be  a clear  asymmetry  between  the  effects  of 
manipulating  demands  on  a given  task  and  changing  the  demands  of  a con- 
currently performed  task. 

It  is  interesting  to  note  that,  with  the  exception  of  Cliff's  study  (3), 
those  tracking  studies  that  have  obtained  an  ircreaj^d  in  processing  time 
under  dual-t  conditions  have  all  employed  the  critical  (or  subcritical) 
task,  requitA.  ^5  the  subject  to  track  an  unstable  system.  This  system  is 
unique  in  that  it  constrains,  or  forces  the  subject  to  adopt  a minimum  time- 
delay  in  order  to  maximize  single  task  performance.  In  tracking  an  in- 
herently stable  system  on  the  other  hand,  as  used  by  Levison,  at  (9), 
Wickens  (10),  and  Baty  (11),  a subject  can  maximize  performance  (minimize 
^^SE)  either  by  reducing  x , or  at  a given  level  of  x by  increasing  gain 
to  a maximum  value.  In  this  two-degrees-of-freedom  situation,  if  the 
subject  chooses  to  maximize  single-task  performance  by  a gain  increase, 
rather  than  a x^  decrease,  then  x may  not  necessarily  be  at  a minimum 
single  task  value.  In  this  case,  it  \;ould  not  necessarily  be  expected  to 
show  increases  when  secondary  tasks  are  added.  Therefore,  unlike  the 
unstable  critical  task,  the  x effect  would  not  necessarily  be  obtained. 

In  the  present  '^tudy,  time-shirlng  requirements  do  not  seem  to  effect  the 
latency  or  the  frequency  of  the  operator  responses,  but  the  quality  and 
consistency  cf  these  responses. 
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CONCLUSIONS 


1.  When  the  dynamics  of  a system  are  constrained,  in  such  a manner  that 
man-machine  system  stability  is  no  longer  a major  concern  of  the 
operator,  he  tends  to  adopt  a first  order  control  describing  function, 
even  with  tracking  systems  of  higher  order.  This  particular  linear 
strategy  may  reflect  the  low  level  of  practice,  or  limited  system 
knowledge  of  the  current  subjects.  It  is  accompanied  by  a second 
non-linear  strategy  which  is  reflected  in  a component  of  high  frequency 
remnant  power,  and  seems  to  be  adaptive,  the  sense  that  it  reduces 
tracking  error. 

2.  When  attention  is  divided  between  tracking  and  a concurrent  task, 
tracking  gain  appears  to  decrease  by  a magnitude  that  is  proportional 
to  the  amount  of  attention  diverted  to  the  concurrent  task. 

3.  Attention  diversion  to  a concurrent  task  leads  to  an  increase  in 
remnant  level,  or  non-linear  power.  This  decrease  in  linearity  is 
reflected  both  in  the  output  magnitude  spectra  of  the  subjects,  and 
in  the  linear  fit  of  the  amplitude  ratio  function. 

A.  Processing  time  does  not  appear  to  be  affected  in  any  consistent 
manner  by  performance  requirements  on  the  tracking  task,  although 
it  is  affected  by  the  change  of  demands  on  the  digit  processing 
task. 

5.  One  final  point  should  be  made  concerning  the  present  experiment  and 
analysis,  which  is  that  our  perspectives  are  those  of  psychologists, 
rather  than  engineers.  Therefore,  given  that  our  interest  is 
primarily  in  human  tracking  behavior,  including  the  process  of  practice 
and  training,  and  the  effects  of  attention  on  the  parameters  describing 
that  behavior,  rather  than  in  the  total  man-machine  system,  our 
analysis  has  focused  specifically  upon  human  parameters,  instead  of 
those  of  the  man-machine  system.  This  bias  resulted  in  a particular 
system  in  which  man-machine  system  stability  was  guaranteed.  Thus, 
what  is  in  many  studies  the  primary  reason  for  adopting  a man- 
machine  system  approach,  was  in  the  current  experiment  eliminated. 

What  ve  hope  we  have  accomplished  in  this  study  is  an  integration  of 
a concern  for  behavioral  phenomena,  with  the  techniques  and  perspectives 
of  control  engineering,  and  a demonstration  of  the  value  of  such  an  inte- 
gration for  human  factors  research. 
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SUMMARY 


Variation  in  the  length  of  time  productions  and  verbal  estimates  of  duration  was  investigated 
to  determine  the  influence  of  concurrent  activity  on  time  perception.  The  length  of  10-,  20-,  and 
30-sec  intervals  produced  while  performing  six  different  compensatory  tracking  tasks  was  signifi- 
cantly longer,  23%  on  the  average,  than  those  produced  while  performing  no  other  task.  Verbal 
estimates  of  session  duration,  taken  at  the  end  of  each  of  27  experimental  sessions,  reflected  a paral- 
lel increase  in  subjective  underestimation  of  the  passage  of  time  as  the  difficulty  of  the  task  per- 
formed increased.  These  data  suggest  that  estimates  of  duration  made  while  performing  a manual 
control  task  provide  stable  and  sensitive  measures  of  the  workload  imposed  by  the  primary  task, 
with  minimal  interference. 


INTRODUCTION 


Inasmuch  as  variation  in  subjective  temporal  experience  has  been  associated  with  the  percep- 
tual, cognitive,  and  motor  load  of  concurrent  activity  (ref.  1)  it  is  conceivable  that  variation  in  the 
estimates  of  duration  made  by  pilots  flying  different  simulations  could  be  used  to  evaluate  the  work- 
load imposed  by  different  cockpit  displays.  It  is  often  difficult  to  infer  the  relative  merits  of  one 
cockpit  display  configuration  over  another  from  performance  measures  such  as  RMS  errors.  The 
fact  that  equivalent  performances  are  observed  in  simulated  flights  using  different  display  param- 
eters does  not  necessarily  imply  that  pilots  find  the  cockpit  displays  to  be  equally  useful  or  equally 
desirable.  Pilots  frequently  report  otherwise. 

Many  secondary  tasks  have  been  developed  to  evaluate  the  workload  imposed  by  a task  of 
interest.  These  tasks  are  oiten  designed  to  increase  the  overall  workload  in  order  to  measure  the 
amount  of  residual  capacity  for  work  still  available  during  performance  of  the  main  task.  The  as- 
sumption is  that  processing  resources  of  the  operator  are  limited  and  that  his  performance  will 
deteriorate  when  several  activities  compete  for  the  same  resources  (ref.  2).  A secondary  task  may 
interfere  with  perform"’'ce  on  the  main  task  if  it  employs  the  same  sensory-motor  pathways  as  the 
main  task  or  interferes  lunctionally  with  it  (ref.  1 ).  An  alternative  type  of  secondary  task  is  one 
that  docs  not  interfere  functionally  with  the  main  task  but  does  require  some  attenf  m.  As  atten- 
tion required  by  the  primary  task  increases,  performance  on  the  secondary  task  deteriorates  provid- 
ing an  indirect  measure  of  primary  task  demands.  The  latter  type  of  secondary  task  was  considered 
optimal  forjudging  the  workload  imposed  by  different  simulation  configurations. 


•This  research  was  conducted  at  NASA-Ames  Research  Center  under  NASA  grant  NCA-2-OR-050-503. 
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Time  estimation  has  several  advantages  as  a secondary  measure  of  primary  task  workload.  The 
duration  and  regularity  of  temporal  estimates  has  been  associated  with  the  workload  imposed  by 
concurrent  activity  (refs.  1 J).  Since  cockpit  displays  are  designed  to  reduce  distraction,  sliess,  and 
perceptual  and  motor  load,  it  is  possible  that  variation  in  the  duration  and  regularity  of  time  esti- 
mates made  by  pilots  while  Hying  different  simulation  configurations  might  provide  > sensitive 
measure  of  how  different  displays  affect  pilot  effort.  Time  estimation  does  not  appear  to  interlere 
functionally  with,  nor  use  the  same  sensory-motor  pathways  as,  piloting  tasks.  Michon  (ref.  1 ) 
demonstrated  that  primary  task  performance  was  not  affected  adversely  by  concurrent  timing  tasks. 
To  the  contrary,  it  was  performance  on  the  secondary  timing  task  that  suffered  when  primaiy  task 
demands  increased.  Temporal  estimation  is  an  activity  that  is  normally  performed  in  flight,  and  is 
therefore  acceptable  to  pilots,  and  can  be  presented  as  an  integral  part  of  a manual  control  task  so 
it  is  not  perceived  as  an  additional  task.  Time  estimation  tasks  can  be  learned  easily  and  are  rela- 
tively stable  across  time  with  respect  to  learning  effects,  and  can  be  implemented  and  scored  easily. 

If  time  estimation  is  to  be  used  as  a secondary  task,  some  consideration  should  be  devoted  to 
the  processes  involved  in  human  time  perception.  Although  time  perception  is  not  based  on  any 
obvious  external  stimulus  dimension,  as  visual  and  auditory  perception  are,  humans  aic  able  to  deal 
effectively  with  the  concepts  of  simultaneity,  succession,  and  duration.  They  are  able  to  estimate 
the  duration  and  sequence  of  past  events  and  produce  comparatively  accurate  intervals  of  time.  Al- 
though chronometers  provide  objective  standards  to  which  subjective  temporal  experiences  can  be 
referenced,  it  should  be  emphasized  that  objective  clock  time  is  not  directly  equivalent  to  psycho- 
logical or  subjective  time  (ref.  4).  External  timekeeping  mechanisms  simply  provide  generally  agreed 
upon  names  for  different  durations  and  make  precise  synchronization  in  the  temporal  domain  pos- 
sible. 


There  are  many  other  physical  phenomena  that  are  also  used  for  timekeeping  (ref.  5).  William 
James  (ref.  6),  and  more  recently  Ornstein  (ref.  ')  and  Frankenhaeuser  (ref.  7)  have  suggested  that 
the  mental  content  of  intervals  produces  the  subjective  experience  of  duration  without  reference  to 
any  physiological  processes. 

Many  recurring  physiological  processes  can  also  serve  as  subjective  clocks  against  which  the 
duration  of  stimuli  or  activities  can  be  compared  (ref.  8).  These  are  biological  clocks  in  the  sense 
that  repeating  cycles  of  a biological  process  may  be  used  to  measure  off  intervals  of  commensurate 
frequency.  However,  it  is  not  possible  to  designate  any  one  of  these  processes  as  the  organ  for  time 
perception  (rcf.  9).  Attempts  to  show  that  such  biological  processes  as  alpha  rhythm  (ref.  10), 
heart  rate  (ref.  I 1),  body  temperature  (ref.  12),  or  respiration  (ref.  l3)  serve  as  the  biological  clo:k 
have  failed.  It  is  more  likely  that  humans  learn  to  equate  the  period  and  frequency  of  these  and 
other  recurring  physiological  and  environmental  processes  to  specific  external  time  standards. 


The  current  work  is  based  on  the  above  mentioned  hypothesis  that  any  experience  that  has 
been  timed  against  some  external  standard  can  be  used  as  a ‘‘subjective  clock"  for  timekeeping. 
Humans  leani  from  everyday  experience  how  long  different  activities  last  and  how  regularly  they 
recur.  They  are  able  to  generate  (from  memory)  examples  of  processes  that  take  approximately  a 
second,  an  hour,  a day,  and  so  on,  and  they  are  also  able  to  equate  the  duration  of  activities  that 
take  about  the  same  time.  When  asked  to  estimate  the  duration  of  an  interval,  an  individual  com- 
pares the  current  time  sample  to  a set  of  remembered  temporal  equivalences  or  prototypes  whose 
duration  has  been  equated  to  standard  units  of  lime.  Short  intervals  may  be  processed  as  single 
units  in  short  term  memory,  whereas  longer  intervals  may  be  evaluated  by  counting  (in  long  term 
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memory)  repeated  sej:ments  that  have  more  manageable  len^llis.  When  asked  to  produce  a specilic 
interval  of  time,  individuals  may  either  rehearse  a seijiience  of  “liming’'  events  in  memory  or  moni- 
tor repeated  oceiirrenees  of  a physiological  (e.g..  arterial  pulse)  or  environmental  process  (e.g.,  di- 
urnal variations)  that  represent  subjective  clock  units  of  appropriate  duration. 

These  temporal  prototypes,  or  subjective  cU)cks,  aie  constantly  compared  with  and  adjusted 
to  external  clock  time,  as  individuals  are  rewarded  for  conlormmg  with  the  temporal  conventions 
of  their  culture.  However,  subjective  temporal  units  are  not  exact  nor  accurate  with  respect  to  the 
standard  clock  nor  perfectly  consistent,  thus  time  estimates  do  show  variations.  Factors  that  affect 
the  rate  of  biological  rhythms  serving  as  subjective  clocks,  such  as  stress,  drugs,  illness,  and  fatigue 
have  also  been  shown  to  affect  the  duration  of  subjective  estimates  based  on  them  {refs.  3,  8.  9,  10. 
11,  12,  13).  Increasing  or  decreasing  the  amount  and  complexity  of  information  presented  mav 
also  affect  subjective  temporal  experience  because  a particular  amount  of  mental  processing  and 
storage  had  been  associated  with  longer  or  shorter  presentation  times  in  the  past  (ref.  4).  Time 
estimates  may  vary  because  repeated  events  are  sampled  regularly  or  counted  incorrectly.  For 
example,  if  successive  “ticks”  of  a subjective  clock  go  unnoticed  or  uncounted,  the  objective  lime 
taken  to  produce  an  interval  lengthens  and  the  subjective  impression  underestimates  the  actual  time 
elapsed.  If  the  conscious  rehearsal  of  remembered  equivalences  for  units  of  tune  requires  attention, 
liming  may  be  disrupted  by  concurrent  tasks  that  also  require  attention  (refs.  1,  14,  15).  Since 
timekeeping  most  likely  involves  multiple  processes  (ref.  16),  an  individual  may  have  to  cope  with 
discrepant  information  produced  by  his  various  subjective  clocks.  He  may  decide  to  discount  the 
output  of  one  or  more  of  the  subjective  clocks  entirely  and  intellectually  reassess  subjective  impres- 
sions of  duration  on  the  basis  of  other  sources  of  information,  resulting  in  random  or  systematic 
errors  if  the  correction  factor  is  inaccurate  or  applied  incorrectly. 

The  integrated  output  of  subjective  clocks  is  the  only  aspect  of  the  human  timing  mechanism 
available  for  experimental  evaluation.  The  period  and  frequency  of  subjective  clocks,  their  con- 
sistency, the  ’‘egularity  with  which  they  are  sampled,  their  appropriateness,  and  any  inlellectual 
reassessment  applied  to  their  output  can  only  be  inferred.  Tlic  underlying  processes  from  which 
estimates  are  derived  are  difficult  to  measure,  but  something  can  be  said  about  the  observable 
behavior.  That  is,  reliable  vanalions  in  temporal  estimates  can  be  related  to  specific  environmental 
manipulations,  and  predictions  can  be  made  about  the  perception  of  lime  in  analogous  situations. 

This  study  was  designed  to  examine  the  effect  of  concurrent  manual  control  activity  on  time 
r.%timation.  It  is  assumed  that  time  estimation  is  an  attentive  process  (refs.  1,  14.  15)  that  involves 
mental  rehearsal  of  some  sequence  of  events  that  represents  subjective  equivalences  for  units  of 
clock  time.  Distraction  provided  by  a concurrent  task  limits  the  amount  of  attention  that  can  he 
devoted  to  time  estimation.  As  attention  is  diverted  from  lime  estimation,  whether  by  distraction 
or  icduclion  in  alertness,  the  subjective  impression  of  how  much  time  has  passed  drops  progressi\cl\ 
behind  the  measurement  of  clapseil  time  provided  by  an  external  clock  (ref.  14),  because  objective 
time  is  continuous  whereas  the  experience  of  time  may  be  subject  to  lapses.  Thus,  under  distracting 
conditions,  it  is  expected  that  the  objective  time  taken  to  produce  an  interval  will  increase,  and 
subjects  will  underestimate  the  passage  of  time  m retrospect,  if  such  a relationship  is  found,  it 
would  provide  further  evidence  that  variation  m the  perception  of  time  could  ivovide  a sensitiu* 
measure  of  the  workload  dnposed  by  manual  * onlrol  tasks  using  different  display  configurations. 
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METHOD 


Subjects 

Nine  commercial  airline  pilots  participated  in  this  study  as  paid  volunteers.  The  men  were 
32-40  yr  of  age  and  held  the  position  of  first  officer. 


Apparatus 

This  study  was  conducted  in  a dim  sound-attenuated  experimental  chamber  at  NASA-  Ames 
Research  Center.  Subjects  were  seated  in  a comfortable  reclining  chair  with  the  cathode-ray  tube 
(CRT)  used  to  display  the  time  estimation  and  tracking  tasks  located  at  a viewing  distance  of  92  cm. 
The  presentation  of  experimental  conditions  and  data  acquisition  were  controlled  by  a PDF- 12 
computer.  Lateral  and  vertical  errors  on  the  tracking  tasks  were  sampled  20  times  per  sec,  and  time 
estimates  were  recorded  to  the  nearest  0.05  sec.  RMS  error  and  temporal  estimates  were  analyzed 
off-line  by  a Xerox  Sigma-9  computer. 

A two-axis,  low-inertia,  lightly  damped  Kraft  sidearm  controller  was  mounted  on  the  right  arm 
of  the  pilot’s  chair.  A molded  handgrip  was  mounted  on  the  shaft  of  the  controller,  and  a response 
button  used  for  time  estimation  was  located  beneath  the  subject’s  thumb.  An  intercom  system 
allowed  communication  between  the  experimentor  and  subject. 


Time  Estimation  Task 

The  pilots  were  asked  to  estimate  elapsed  time  by  two  methods,  production  by  the  means  of  a 
response  button  and  verbal  estimation  of  session  length.  The  time  production  task  requir-d  that 
subjects  produce  one  of  three  standard  intervals  (10,  20,  or  30  sec)  7 times  during  each  ot  the  21 
experimental  sessions  that  involved  time  productions.  Subjects  were  instructed  to  press  the  response 

button  once  to  begin  their  productions  when  the  message  “EST SEC”  appeared  on  the  CRT, 

and  to  press  it  again  whenever  they  felt  that  the  specified  amount  of  time  had  elapsed.  Fcr  three 
sessions,  pioducing  10-,  20-,  or  30-sec  intervals  was  the  onlv  task.  For  18  other  sessions,  I0-,  20-. 
or  30-sec  intervals  were  produced  while  performing  each  of  six  compensatory  tracking  tasks. 

Pilots  were  also  asked  to  verbally  estimate,  in  minutes  and  seconds,  the  length  of  each  of  the 
27  experimental  sessions  immediately  after  each  session  ended.  Session  length  varied  from  I to  6 
min  depending  on  the  length  of  the  standard  interval  to  be  produced  during  the  session  and  the 
accuracy  of  productions. 


Tracking  Task 

Six  levels  of  a compensatory  tracking  task  were  developed  to  produce  progressively  greater 
degrees  of  distraction  from  the  time  estimation  task.  The  tracking  tasks  consisted  of  a CRT  display 
upon  which  was  displayed  a 1 .26  cm  stationar>'  cross  that  pilots  were  told  represented  the  nose  of 
an  aircraft,  and  a 12.7  cn"  moving  horizontal  and/or  vertical  line  that  pilots  were  told  represented 
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the  glide  slope  and  localizer,  respectively,  in  an  actual  piloting  task.  The  maximum  travel  of  the 
two  moving  lines  subtended  a visual  angle  of  0.14  rad  (7.9  degrees  of  arc). 


The  pilot’s  task  was  to  keep  the  vertical  and/or  horizontal  lines  centered  on  the  reference  cross 
using  the  sidearm  controller  to  compensate  for  the  random  perturbations  produced  by  one  of  two 
forcing  functions.  The  display  had  an  inside-out,  fly-to  arrangement  so  that  the  controlled  elements 
(vertical  and/or  horizontal  lines)  moved  in  a direction  opposite  to  stick  displacement.  That  is,  if  the 
driven  lines  were  to  the  left  and  below  the  reference  cross,  controller  movement  to  the  left  and 
forward  was  the  correct  response. 

The  output  of  a random  number  generator  proviu 'd  a rectangular  distribution  of  frequencies 
.simulating  white  noise  with  a bandwidth  of  62  rad/sec.  This  signal  was  passed  through  either  of 
two  second-order  filteis  having  a damping  ratio  of  0.707,  with  a natural  frequency  of  0.5  rad/scc 
(the  “easy”  task)  or  1 .5  rad/scc  (the  “hard”  task).  The  forcing  functions  were  chosen  for  their 
“easy”  and  “hard”  characteristics  on  the  basis  of  data  from  a preliminary  study  employing  three 
subjects.  The  standard  deviations  were  2.10  cm  for  the  easy  vertical  and  horizon'  .1  forcing  functions 
and  2.58  cm  for  the  hard  vertical  and  horizontal  forcing  functions  (see  fig.  1 ). 


Figure  I.-  Block  diagram  of  experimental  tracking  tasks. 


The  first-order  plant  was  programmed  such  that  maximum  displacement  of  the  controller,  2.^" 
from  neutral  in  any  direction,  produced  a maximum  controlled  element  velocity  of  25.4  cm/sec. 
Maximum  controller  throw  corresponded  to  a 3.8  cm  movement  of  the  subject’s  hand  at  the  position 
of  his  middle  finger  (fig.  1 ). 
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Experimental  Design 

Pilots  were  instructed  to  perform  each  tracking  and  time  estimation  task  as  consistently  and 
accurately  as  possible,  although  they  were  not  given  performance  feedback  for  any  of  the  tasks. 
They  were  asked  to  make  verbal  estimates  and  productions  based  on  their  subjective  impression  of 
elapsed  time,  without  counting.  Following  instructions,  subjects  were  familiarized  with  the  equip- 
ment by  a series  of  practice  sessions  that  involved  time  production  alone,  tracking  alone,  or  time 
production  while  tracking. 

During  the  first  three  sessions,  pilots  were  required  to  produce  seven  10-sec  intervals,  then 
seven  20-sec  intervals,  and  finally  seven  30-sec  intervals.  Time  production  and  verbal  estimation  of 
session  length  were  the  only  tasks  performed  during  these  three  sessions  (fig.  2a). 
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Figure  2.  Experimental  design  (n=*7). 


Subjects  experienced  each  of  the  six  tracking  tasks  during  the  next  six  sessions.  They  were  not 
required  to  produce  intervals  of  10,  20,  or  30  sec  during  these  six  sessions,  although  they  were  asked 
to  verbally  estimate  the  duration  of  each  sessio:  at  its  conclusion.  Tracking  only  sessions  were  ran- 
domly varied  in  length  from  2 -4  min  (fig.  2b). 

During  the  last  18  sessions,  subjects  were  asked  to  produce  seven  estimates  of  either  10,  20,  or 
30  sec  while  performing  each  of  six  tracking  tasks  (fig.  2c).  i''ach  pilot  participated  in  all  27  experi- 
mental ses.sions.  Although  u preliminary  study  indicated  no  order  effects  for  the  time  estimation 
tasks,  such  effects  were  found  for  successive  levels  of  the  tracking  tasks.  Therefore,  experimental 
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sessions  were  presented  in  a quasi-random  order  so  that  no  level  ol  ilie  iii.c  production  or  trackini- 
tasks  were  repeated  twice  in  a row.  The  last  18  sessions  were  presented  n a dilTerent  order  to  eacli 
subject. 

An  intertrial  interval  randomly  varied  1 1 .0  sec  arouiul  a mean  ol  10  sec  occurred  after  each  ol 
the  seven  products  is  made  within  a session.  A 3-min  rest  interval  followed  each  of  the  “’.7  experi- 
mental sessions.  Subjects  were  asked  to  verbally  estimate  the  duration  of  the  immediately  preced- 
ing session  during  this  period.  A 10-inin  rest  period  was  given  every  30  min  during  which  subjects 
were  allowed  to  leave  the  experimental  chamber.  The  entire  experiment  lasted  about  2.5  hr  per 
subject,  although  the  exact  length  depended  on  the  length  of  time  productions  made  by  individual 
subjects. 

RESULTS  AND  DISCUSSION 
Tracking  Task  Results 

Pilot  performance  on  the  tracking  tasks  used  in  this  study  indicated  that  the  different  comii- 
tions  represen' ed  different  degrees  of  difficulty.  Tracking  performance  improved  between  tracking 
only  and  tracking  with  concurrent  time  production  sessions,  indicating  that  subjects  had  not 
reached  asymptotic  performance  levels  (table  1).  The  ratios  of  RMS  error  to  RMS  input  for  the  .six 
tracking  tasks  were  significantly  different  (F  = 144.74;  .If  = 5,40;  p < 0.001 ) as  a function  of  the 
number  of  axes  controlled  simultaneously  and  the  difficulty  of  the  forcing  function  (fig.  3).  There 
were  no  apparent  differences  between  performance  measures;  on  the  vcitieal  and  horizontal  axes  for 
cither  the  easy  or  hard  forcing  functions,  so  they  were  combined  for  tabular  and  graphic  presenta- 
tion. There  were  also  no  significant  differences  in  tracking  performance  due  to  session  length 
(F  = 2.70;  df  = 2,1 6;  p > 0. 10).  Relative  RMS  error  increased  from  0.24  to  0.30  as  subjects  were 
required  to  control  one  axis  at  a time  or  both 
simultaneously,  and  from  0.22  to  0.3 1 a.,  the 
difficulty  of  the  task  increased  from  the  easy 
to  the  hard  forcing  function. 

RMS  error  scores  were  significantly  dif- 
ferent for  successive  segments  of  each  session 
(F  = 2.68;  df  = 6,48;  p<0.05).  This  differ- 
ence did  not  reflect  any  consistent  improve- 
ment or  decrement  in  performance,  however, 
but  indicated  that  RMS  error  scores  did  not 
provide  a stable  measure  of  moment-to- 
moment  workload.  Tracking  performance 
measures  were  thus  not  very  useful  m piovid- 
mg  an  inUKation  of  task  difficulty  for  rela- 
tively short  periods  of  time. 

The  time  estimation  task  did  not  app<^ar 
to  degrade  performance  on  the  tracking  task. 

The  relative  RMS  error  was  somewhat  higher 
for  sessions  in  which  tracking  was  the  only 
task  than  for  sessions  in  which  time  intervals 
were  produced  while  tracking  (table  I ).  It  is 


1 

i 


I 


TABLE  ! RELATIVE  RMS  ERROR 


[RMS  Error/RMS  Input) 


Tracking  only 

Tracking  with  concurrent 
time  production 

Difficulty 

Easy 

Hid 

Easy 

Hard 

No.  Axes 

1 

2 

2 

1 

2 

1 

2 

1 

0.07 

0.22 

0.29 

0.10 

0.16 

0.18 

0.27 

U 

mm 

.27 

.34 

.52 

.23 

.33 

.31 

.45 

mM 

.26 

.32 

.46 

.13 

.19 

.23 

.27 

1 

BH 

.23 

.28 

.34 

.35 

.19 

.31 

.27 

.34 

C 

.11 

.24 

.25 

.33 

.13 

.15 

.24 

.30 

u 

KM 

.18 

.31 

.37 

.59 

.19 

.23 

.23 

.29 

s 

3 

WM 

.37 

.40 

.28 

.42 

’Q 

.36 

.29 

.45 

C/) 

.30 

.48 

.52 

.49 

ts 

.39 

.52 

n 

.;2 

.58 

.24 

.32 

.28 

00 

Mean 

.21 

.36 

.32 

.42 

.18  ! 

! .25 

.27 

.35 

St.  Dev. 

.09 

.12 

.09 

.10 

.06 

.08 

.06 

.09 

also  possible  that  tracking  performance  improved  during  later  ses*«ions  because  subjects  had  not  yet 
reached  asymptotic  performance  levels  and  that  the  effect  of  concurrent  timing  tasks  on  tracking 
performance  cannot  be  clearly  determined  from  this  study. 


Time  Production  Results 

It  was  observed  that  successive  productions  within  each  session  were  not  significantly  different 
from  each  other  (F  = 1 .54;  df  - 6,48;  p > 0.10),  confirming  McGrath  and  O’Hanlon’s  (ref.  1 /) 
conclusion  that  subjects  make  repeated  estimates  under  similar  circumstances  with  a higli  degree  of 
consistency.  This  indicates  that  the  duration  of  single  productions,  representing  brief  periods  of 
time,  might  provide  a more  stable  measure  of  moment-to-moment  workload  imposed  by  concurrent 
activity  than  RMS  error  measures,  which  are  only  meaningful  over  periods  lasting  several  minutes. 

A convenient  way  to  depict  variation  in  the  sut  jective  appreciation  of  duration  as  measured  by 
the  length  of  productions  (i.c.,  the  subject’s  effort  to  delineate  operatively  a given  interval  of 
time)  and  verbal  estimates  of  duration  is  to  form  a ra*io  between  the  length  of  subjective  estimates 
and  the  interval  of  clock  time  that  they  represent.  Productions  that  last  longer  than  the  interval 
uf  clock  time  that  they  represent,  and  verbal  estimates  that  am  shorter  than  the  amount  of  elapsed 
time  measured  by  the  clock,  represent  equivalent  lengthening  of  subjective  units  of  du’*ation  relative 
to  clock  units.  Fur  exaniple.  if  an  individual's  subjective  units  of  duration  are  half  again  as  long  as 
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objective  clock  units,  he  would  take  18  sec  to  pro- 
duce a 12-sec  interval,  and  would  verbally  estimate 
that  an  interval  that  actually  lasted  12  sec,  lasted 
only  8 sec.  The  18-sec  production  and  8-sec  verbal 
estimate  in  this  example  reflect  an  equivalent  ratio 
between  subjective  and  objective  units  of  time 
equal  to  I.S. 

Productions  of  10,  20,  and  30  sec  were  qi;itc 
accurate  with  respect  to  the  clock,  on  the  average, 
during  sessions  in  which  time  production  was  the 
only  task  (fig.  4).  However,  the  characteristic 
length  of  productions  made  by  different  subjects 
represented  different  degrees  of  accura"”  'vith 
resoect  to  the  clock  (table  2).  r^tio  f Sw*i)cc- 
ti-.v,  to  objective  duration  for  1C  , 20-,  and  30-sec 
productions  ranged  from  0.81  (19%  shorter  than 
the  standard)  to  1.77  {117o  longer  than  the  stand- 
arot  for  individu»'  subjects. 

As  attention  was  diverted  from  time  estima- 
tic'i,  the  average  lengtn  of  productions  increased 
23%,  on  the  average  "cross  all  tr<.  .ing  conditions. 
The  average  ratio  of  subje  ’ 've  tc  -jective  time 
ranged  from  !.02  '7%  i'  ( thai.  the  standard)  io 
1 .82  (82%  longer  ‘ler-  ■.  *"ndard)  during  the 
most  difficult  tracking  ias\  for  individual  subjects. 
This  increase  in  the  length  of  subjective  units  of 
duration  with  increasing  distraction  was  statistically 
significant  for  10-,  20-,  and  30-stt  productions 
tF^8.61;  df=6.^'?;  p <0.001). 

The  relative  lengiii  of  subjective  units  of  dura- 
tion increa.seti  by  20%  with  a concunent  single 
axis  easy  tracking  task,  and  by  25%  with  a concur- 
rent two  axis  hard  tracking  task  relative  to  the 
length  of  productions  made  while  performr.g  no 
other  task  (fig.  5).  This  increase  in  the  length  of 
productions  with  concurrent  distraction  was  nearly 
••vice  as  great  for  subjects  whose  baseline  p.oduc- 
tions  were  equal  to,  or  shorter  than,  the  length  of 
the  in’erval  specified  (Subjects  2,  5,  6,  and  7),  than 
for  subjects  whose  baseline  productions  were 
air  ady  considerably  longer  tnan  the  interval  spixi- 
fiod  (Sub'i,c  , 3.  4,  8,  and  9).  If  an  indiv-MuaPs 
subi'.ctivc  "«its  of  duration  were  already  cCiisider 
ab.,  loncc:  than  external  dock  units  under  condi- 
tions involving  minimal  distraction,  it  appeared 
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Figure  4.-  Average  increase  in  subjective  dura- 
tion as  concurrent  taskload  increased  from 
time  production  only,  to  time  production 
while  t;*acking;  time  production  measure 
(n=9). 
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Figure  5.“  Average  increase  in  subjective  dura- 
tion as  concurrent  task  difficulty  increased; 
time  production  measure  (n=9). 
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TABLE  2.-  TIME  PRODUCTIONS 
I Length  of  Estimates/Standard  ] 


Activity 

during 

session 

Time  production  only 

Time  production  while 
performing  1 axis 
easy  tracking 

Time  production  while 
perfonning  2 axis 
hard  tracking 

Length  of 

production 

10 

20 

30 

Mean 

10 

20 

30 

Mean 

10 

20 

30 

Mean 

1 

■83 

0.89 

1.00 

1.72 

1.07 

Bi 

m 

1.89 

1.39 

1.08 

Ira 

.84 

.85 

.85 

1.28 

1.13 

Ira 

Ha 

1.34 

1.23 

1.29 

wEm 

m 

.98 

1.02 

1.20 

'.28 

Ira 

1.28 

1.53 

1.33 

1.72 

IBH 

£ 

3 

1.09 

1.74 

1.77 

1.53 

1.95 

1.52 

1.69 

2.00 

1.93 

1.53 

1.82 

c 

1.02 

1.00 

1.03 

1.02 

1.21 

1.11 

.82 

1.05 

1.78 

1.55 

.90 

1.41 

o 

.79 

.80 

1.00 

.86 

1.46 

1.14 

.95 

1.18 

1.02 

1.32 

1.13 

1.16 

3 

.91 

.73 

.79 

.81 

1.07 

1.17 

1.06 

1.10 

1.25 

.67 

1.14 

1.02 

C/3 

8 

1.57 

1.33 

1.30 

1.40 

1.34 

1.6C 

1.20 

1.38 

1.46 

1.15 

1.33 
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TABLE  3.-  VERBAL  ESTIMATES  OF  SESSION  LENGTH 
[Length  of  Im^rval/Length  of  Estimate] 
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that  he  truncated  the  length  of  his  productions  under  distracting  conditions  so  tliat  tliey  rarely 
exceeded  twice  the  length  of  the  interval  specified.  This  could  be  due  to  intellectual  reassessment 
applied  to  the  subjective  impression  of  duration,  or  reflect  an  upper  limit  in  the  range  of  durations 
considered  subjectively  equivalent  to  10,  20,  or  30  sec  under  differe.it  conditions. 

The  length  of  10-,  20-,  and  30-sec  productions  relative  to  the  length  of  the  standard  interval 
being  estimated  was  approximately  the  same  when  time  estimation  was  the  only  task.  There  was  a 
significant  difference  in  the  relative  length  of  I0-,  20-,  and  30-sec  productions  across  all  experimental 
conditions,  however,  (F  = 7.48;  df  = 2,16;  p < 0.01),  because  20-  and  30-sec  productions  were 
relative'^  more  accurate  than  10-sec  productions  when  there  was  concurrent  distraction.  Although 
the  length  of  all  productions  increased  as  attention  was  diverted  by  tracking  tasks,  this  effect  was 
most  pronounced  for  10-sec  productions  (fig.  5).  The  length  of  10-sec  productions  increased  35% 
on  the  average,  relative  to  the  length  of  productions  made  without  distraction,  whereas  20-  and 
30-sec  productions  lengthened  only  23%  and  12%.,  respectively.  Since  sessions  involving  20-  and 
30-sec  productions  lasted  longer  than  sessions  involving  10-sec  productions,  it  is  possible  that  sub- 
jects might  have  had  more  time  to  become  accustomed  to  the  current  tracking  task  parameters. 

Thus,  performing  the  concurrent  tracking  task  might  have  been  relatively  less  distracting  during 
longer  sessions.  If  this  was  the  case,  «t  would  have  had  the  effect  of  increasing  the  amount  of  atten- 
tion that  could  be  focused  on  time  estimation,  thereby  increasing  the  accuracy  of  estimation. 

Since  the  ratio  of  subjective  to  objective  time  was  approximately  the  same  for  10-,  20-,  and  30-sec 
productions  made  without  distraction,  it  does  not  appear  to  be  characteristic  of  the  intervals 
estimated  per  se. 

It  is  also  possible  that  longer  sessions  were  more  stressful,  even  though  RMS  error  on  the 
tracking  tasks  was  not  affected  by  session  length.  Hypothetically,  stress  would  tend  to  reduce  the 
length  of  subjective  units  of  duration  (ref.  3)  thereby  reducing  the  length  of  productions.  It  would 
be  necessary  to  standardize  session  length,  rather  than  the  number  of  productions  made  per  session 
as  was  done  in  the  present  study,  to  further  investigate  this  phenomena. 

Variabilit.  among  the  seve”.  productions  made  during  each  session  increased  as  the  difficulty 
of  the  concurrent  tracking  task  increased.  This  is  consistent  with  Michon’s  (ref.  1 ) suggestion  that 
irregularity  of  timing  responses  reflects  the  perceptual  and  motor  load  of  concurrent  tasks.  For 
example,  the  squared  deviations  of  individual  1 0-sec  productions  from  the  mean  length  of  produc- 
tions made  during  different  sessions  increased  from  3 scc^  (when  time  production  was  the  only 
task)  to  8 scc^  (for  productions  made  while  tracking  a single-axis  ecsy  task)  to  10  sec^  (for  produc- 
tions made  while  performing  a two-axis  hard  task),  averaged  across  subjects. 

In  conjunction  with  longer  objective  time  taken  to  produce  intervals  under  conditions  of 
increasing  distraction,  increased  variability  between  successive  productions  provides  further  support 
for  the  conclusion  that  time  estimation  requires  attention  for  accuracy  and  consistency.  The  regu- 
larity with  which  attention  could  be  directed  to  the  timing  task  varied  from  session  to  session  as  a 
function  of  the  amount  of  attention  required  by  concurrent  activity.  Estimates  were  internally 
consistent  and  relatively  accurate  with  respect  to  the  clock  under  low  distraction  conditions.  As 
attention  was  diverted  from  rehearsing  or  monitoring  the  events  used  for  subjective  timing,  the 
regularity  with  which  estimates  were  made  decreased  and  subjects  took  longer  to  produce  10,  20, 
and  30  sec  estimates  during  sessions  in  which  they  were  also  performing  a tracking  task.  This  increase 
in  variability  and  length  of  productions  occurred  for  all  subjects. 
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Verbal  Estimate  Results 

Subjects  tended  to  verbally  estimate  session  length  in  round  numbers  (e.g.,  2 min  and  I S sec), 
resulting  in  less  precise  measures  of  subjective  duration  than  the  length  of  time  productions,  which 
were  measured  exactly  by  a clock.  Despite  a relative  lack  of  precision,  verbal  estimates  of  session 
length  also  reflected  the  degree  to  which  attention  had  been  diverted  from  timekeeping  -luring  the 
preceding  session.  The  length  of  verbal  estimates  decreased  significantly  with  respect  to  the  actual 
length  of  sessions  as  the  amount  of  distraction  during  the  preceding  session  increased.  This  decrease 
in  the  length  of  verbal  estimates  relative  to  elapsed  time  indicates  that  subjective  units  of  duration 
incr:ared  in  length  as  distraction  increased.  This  reflects  the  same  increase  in  the  length  of  subjec- 
tive units  of  duration  that  was  indicated  by  the  length  of  productions  made  during  the  session. 
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Figure  6.~  Average  increase  in  subjective  duration  as  task 
load  during  preceding  session  increased  from  time 
production  onJy,  to  tracking  only,  to  time  production 
and  tracking;  verbal  estimate  measure  (n=9). 


Three  types  of  task  loads  were  pre- 
sented in  the  27  experimental  sessions. 

In  three  sessions,  time  production  was 
the  only  task.  In  six  other  sessions, 
tracking  was  the  only  task.  In  18  ses- 
sions, time  production  and  tracking  were 
both  required.  As  the  task  load  in  the 
preceding  session  increased  from  time 
production  alone  to  tracking  alone,  sub- 
jective units  of  duration  measured  oy  the 
length  of  verbal  estimates  relative  to  ses- 
sion length  increased  by  19%.  As  the 
task  load  inc;eased  from  time  production 
alone  to  time  production  while  tracking, 
riiUjcctive  units  of  duration  measured  by 
iTii  ’ength  of  verbal  estimates  relative  to 
session  length,  increased  26%.  On  ihe 
average,  subjective  units  of  duration  also 
increased  as  the  difficulty  of  the  tracking 
task  performed  during  a session  increased, 
but  only  for  sessions  in  which  time  pro- 
duction and  tracking  were  both  required 
(table  3).  There  was  a significant  differ- 


ence betweei:  the  length  of  verbal  estimates  made  of  sessions  involving  minimal  distraction  (time 
production  alone)  and  those  involving  maximum  distraction  (time  production  while  tracking)  for 
sessions  that  involved  10-,  20-,  or  30-sec  productions  (F  = 7.14;  df  = 6,48;  p < 0.001),  There  was 
no  difference  in  ihe  relative  length  of  verbal  estimates  as  a function  of  the  length  of  productions 
madevduring  the  preceding  session,  however  (F  = 3.77;  df  = 2,16;  p > 0. 10). 
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Concluding  Remarks 

These  data  lend  support  to  the  hypothesis  that  concurrent  tasks  reliably  distract  subjects  from 
time  estimation.  The  duration  of  subjective  time  estimates  appears  to  be  a useful  measure  of  the 
workload  imposed  by  a manual  control  task,  providing  a more  stable  indication  of  task  load  from 
moment  to  moment  than  RMS  error.  As  workload  increases,  humans  seem  progressively  less  able 
to  attend  to  timing  tasks,  thereby  increasing  the  length  of  their  temporal  productions  relative  to 
the  objective  standard  and  verbally  underestimating  the  passage  of  time  relative  to  measurements 
provided  by  a clock.  It  has  been  shown  that  time  estimation,  as  employed  here,  does  not  appear  to 
conflict  with  performance  on  a manual  control  task,  rather  that  time  estimation  accuracy  suffers 
when  primary  task  demands  increase.  It  is  anticipated  that  the  duration  and  variability  of  time 
estimates  during  complex  control  tasks,  such  as  aircraft  simulations,  will  reflect  the  perceptual  and 
motor  load  imposed  by  a primary  task.  To  the  extent  that  different  displays  reduce  perceptual  load 
and  usefully  integrate  information  for  pilots,  reliable  variations  on  a concurrent  time  estimation 
task  are  predicted. 
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ABSTRACT 

A model  of  the  pilot  as  a monitor  of  instrument  failures  during  automatic 
landing  is  proposed.  The  failure  detection  model  of  the  pilot  consists  of  two 
stages:  a linear  estimator  (Kalman  Filter)  and  a decision  mechanism  which  is 
based  on  sequential  analysis.  The  filter  equations  are  derived  from  a simpli- 
fied version  of  the  linearized  dynamics  of  the  airplane  and  the  control  loop. 
The  perceptual  observation  noise  is  modelled  to  include  the  effects  of  the 
partition  of  attention  among  the  several  instruments.  The  final  result  is  a 
simple  model  consisting  of  a high  pass  filter  to  produce  the  observation  resi- 
duals, and  a decision  function  which  is  a pure  integration  of  the  residuals 
minus  a bias  term 

The  dynamics  of  a Boeing  707  were  used  to  simulate  the  fully  coupled  final 
approach  in  a fixed  base  simulator  which  also  included  failures  in  the  airspeed , 
glideslope,  and  locals  •‘r  indicators.  Subjects  monitored  the  approaches  and 
detected  the  failures;  their  performa^tce  was  compared  with  the  predictions 
of  the  model  with  good  agreement  between  the  experimental  data  and  the  model. 


INTRODUCTION 

The  introduction  of  the  ’’all  weather**  automatic  landing  system  changes 
the  role  of  the  pilot  during  landing.  Under  normal  conditions,  the  pilot  is 
not  in  the  control  loop,  but  his  main  task  is  to  monitor  the  proper  operation 
of  the  automatic  system.  This,  of  course,  shifts  his  role  from  manual  con- 
troller to  decision  maker. 

The  problem  of  modelling  the  pilot  as  a controller  has  been  addressed  by 
several  researchers,  and  satisfactory  models  exist  using  classical  control 
theory  (1)  or  optimal  control  theory  (2).  Models  for  the  pilot  as  a failui'c 
detector  have  only  recently  been  addressed  (3),  and  some  conjecture  has  been 
suggested  (4) . 

In  this  paper,  a model  of  a pilot  as  a monitor  of  svstem  failures  is  pro- 
posed and  applied  to  an  automatic  landing.  The  model  consists  of  two  stages: 
a linear  estimator  and  a decision  mechanism.  The  linear  estimator  is  the  Kal- 
man Filter  which  is  similar  to  that  used  in  the  optimal  controller  model;  the 
outputs  used  here  are  the  measrffement  residuals  rather  than  the  estimates.  The 
decision  mechanism  is  based  on  sequential  analysis  (5)  modified  for  the  spec- 
ial case  of  failure  detection  (6).  Experiments  were  designed  to  validate  the 
proposed  model  in  which  subjects  monitored  failures  in  simulated  automatic  ILS 

^Sponsored  by  NASA  Grant  NGR  22-009-733,  NASA  Ames  Research  Center 
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approaches  in  a fixed-basetl  jet  transport  cockpit.  The  resnlts  of  these  exp- 
eriments are  then  compared  to  the  prediction  uf  the  model. 


PROBLEM  STATEMENT  AND  SIMPLIFICATION 


A functional  block  diagram  of  the  failure  detection  model  is  shown  in 
Figure  1.  A basic  assumption  in  the  structure  of  the  first  stage  (the  estima- 
tion) is  that  the  dynamical  characteristics  of  the  system  that  produces  the 
input  signals  are  known  by  the  observer.  Therefore,  before  the  modelling  of 
the  failure  detection  system,  we  will  discuss  the  model  that  the  pilot  has  in 
mind  (the  internal  model)  for  the  airplane  dynamics  and  control  loops. 

The  true  airplane  dynamics,  when  angular  accelerations  are  neglected,  can 
be  defined  by  nine  first  order  nonlinear  dif  ferent  ial  equations.  Two  decoup**  ed 
autopilots  are  used  to  regulate  the  vertical  error  between  the  aircraft  posi- 
tion and  the  glldeslope  beam,  and  the  horizontal  (angulctr)  error  between  air- 
craft position  and  localizer  beam.  In  addition,  a third  control  loop  controls 
the  aircraft  airspeed.  This  configuration  was  used  i*  the  simulation  that 
automatically  landed  the  Boeing  707  dynamics  used  In  our  experiments  (7). 

Since  the  pilot  is  outside  the  control  loop  his  inputs  consist  only  uf 
the  displayed  variables  on  his  instrument  panel.  If  the  control  system  is  de- 
signed properly,  these  displays  will  show  nominal  values  with  variation  due  tu 
outside  perturbations.  It  seems  reasonable  to  assume  that  the  pilot  will  use 
the  linearized  version  of  the  automatic  syste.:.  around  the  nominal  values.  In 
addition,  we  will  assume  that  the  longitudinal  and  lateral  dynamics  are  de- 
coupled in  the  pilot's  model.  The  blo^k  diagrams  of  the  three  control  loops 
are  shown  in  Figure  2,  and  the  basic  conf igurat ion  was  taken  from  reference  8. 
Therefore  the  three  closed  loop  transfer  functions  are  given  by 


6u  lO(S-fQ.l) 

6u  " (S-^8.8)rS4  .98)(S+0.  13) 
n 

6y 3K  I 

(SO  " (S+0.  5)  (S+s'.  5)  (’s-+5.4'3s+l  1.4) 
n 


(1) 

where:  u - velocity 

Y * flight  path  angle 
0 - pitch  (2) 

- heading 
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The  letter  5 is  used  to  identify  tho  Inputs  as  perturbations  rather  than  com- 
mands, and  the  outputs  are  the  responses  to  these  perturh.^t  f ons  , The  sub- 
script n is  used  because  the  inpiu  per  L urbat  i on.s  are  mode  ! led  as  zero  mean 
white  Gaussian  processes.  The  source  for  these  perturbations  is  usually  the 
wind  gusts,  and  therefore  t i\e  lnp\its  to  the  sahsvslrm  are  v orrelated  and  are 
derived  from  the  amplitude  and  direklion  of  ttu’S(‘  gusts.  Two  ot  tie  *,hove 
subsystems  are  of  fourth  order  one  is  of  third  order.  AntUher  integration 

of  each  subsystem  output  is  needed  to  obtain  ihc  aircraft  position.  There- 
fo’^e,  ’.e  assume  that  the  pilot  ust^s  on  y the  dominant  poles,  namely  the  ones 
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with  the  longer  time  constants.  The  final  model  that  xs  used  in  the  pilot 
model  is 

2_u 

n 

60 

i 


n 


l/(s+l) 

U) 

i/((S+0.5)(S+2.7)) 

(5) 

i/(S-^+1.5S+0.81) 

(6) 

n 


Note  that  the  steady  stat*-  gain  and  the  steady  state  variance  of  the  response 
to  a stationary  random  input  were  kept  the  same  as  in  the  original  systems. 

Having  three  decoupled  systems,  we  can  define  8 state  variables  by  trans- 
forming equations  (4)  to  (6)  to  their  state  space  format.  Define 
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x^  = 6y 
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The  dynamics  in  matrix 

notation  are: 
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The  perturbations  in  the 

aircraft  position  in  terms 

of 

the  above  state  varl 

db  1 e& 

are  given  by  (using 

the 

fact  that  Yc 

small) : 

Cx  = cosvoxi  - vosinu>’oXA 
6y  « sinVoXi  - vocosl^oXe 

"z  - T X : ^ V , X T 

where  the  subscript  o dosig.iates  r-uminal  values. 

All  the  variables  that  are  displav(?d  to  the  pilot  can  now  be  rep/esenttd 
as  linear  functions  of  the  state  v::riable:: 

1.  (ilidenlope  Indicator;  yi  = (-cosij/o/x^+Yo/x^)xi-l“VoX3/x^-HvosinvoXf,/xj^^ 


2.  Locwiizer:  y?  » lcosii»o/ (!•  23-x^)  "-^sini^o/ (1- 23-Xj^)  ]xi 

3.  Airspeed  indicator,  y^  “ xp 


+ [vocosg^o/  (1  • 23-x^)-vosin«|>o/  (1 . 23-x^) ''  Jxe 
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(pitch) 

(roll  angle) 


4.  Altitude  indicator:  yu  = xu  + xs/0.Sft5 

y'K  = voxe/g 

5.  Horizontal  situation  display:  ye  = x? 

6.  Altimeter:  y?  = Yo-Xi+  V0X3 

7.  Vertical  speed  indicator:  ye  =YcX2+vqX4 

in  the  above  equations  is  the  nominal  value  in  the  x direction  which  is 
me  varying. 


THE  FAILURE  DETECTION  MODEL 

In  the  last  section  we  suggested  a simplified  linear  model  which  the  pilot 
is  assumed  to  use  as  a model  for  the  instrument  outpu'.  dyrc^.mics.  On  the  basis 
of  these  dynamics  the  failure  detection  model  that  was  suggested  by  Gai  (6)  is 
used.  As  mentioned  before,  the  model  consists  of  two  stages:  a linear  esti- 
mator and  a decision  mechanism.  The  linear  estimator,  the  Kalman  Filter,  is 
shown  in  Figure  3.  It  should  be  noted  that  due  to  the  time  dependency  of  the 
measurements  the  Kalman  gain  K(t)  is  time  varylr.  . The  filter  produces  esti- 
raat«^s  for  the  state  x(t)  and  the  measurements  y(c)  as  well  as  tie  measurement 
error  (residual)  c(t)  which  is  defined  as 

e(t)  = y(0  - y(t)  (10) 

Any  of  these  three  quantities  ca  1 be  used  as  an  input  to  the  decision  mechanism. 
The  observation  residual  is  preferred  for  the  following  reasons: 

1.  The  state  variables  are  non-unique  variables  that  can  be  defined  in 
many  ways,  while  the  observation  residual  is  unique  and  vell-dtrf ined  for 
the  subject. 

2.  The  dimension  of  the  state  is  in  general  larger  than  the  dimension  of 
the  residual. 

3.  The  residual  is  more  sensitive  than  he  observation  to  the  effect  of 
the  failure  v9;. 

4.  The  residual  is  a zero  mean  white  process  (10;  in  the  unfailed  mode 
so  successive  observations  are  independent  for  Gaussian  processes. 

In  the  instrument  failure  mode,  we  will  assume  that  a deterministic  mean  is 
added  to  the  measurement  so  that  the  residual  is  still  white  Gaussian  with  the 
same  variance  but  with  a non-zero  mean. 

Since  the  pilot  is  using  3 instruments  the  problem  of  sharing  of  attent ion 
has  to  be  accounted  for.  This  is  done  through  the  measurement  noise  in  the 
observer  model  (11).  If  the  pilot  is  observing  more  than  one  instrument,  his 
observation  noise  for  each  observation  is  increased  hy  a constant  factor  that 
is  inversely  proportional  to  the  fraction  of  attention  that  he  spends  monitor- 
ing that  specific  Instrument.  Finally,  it  should  be  noted  that  although  the 
state  equation*  are  decoupled,  the  Kalman  Filter  is  a coupled  8 dlruensional 
system  because  of  the  coupling  through  the  measurements.  The  model  of  the 
estimation  scheme  is  shown  in  Figure  4. 
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The  decision  mechanism  is  based  on  sequential  analysis  (5).  The  classical 
sequential  analysis  uses  the  likelihood  ratio  ”(m)  as  a decision  function  after 
m observations.  Two  criteria  levels,  A and  B,  are  chosen,  and  the  decision 
rule  is 

if  f,(m)  > A choose  "failure" 

if  )l(m)  B choose  "normal" 

if  B < £.(m)  < A take  another  observation 

A and  B are  determined  by  the  desired  probability  of  false  alarm  P(FA)  and  the 
probability  of  miss  P(KS)  follows  (3) 


A » (1-P(MS))/P(FA)  B = P(MS)/(1-P(FA))  (11) 


Since  in  our  case,  both  distributions  are  white  Gaussian  with  equal  variances 
and  means  zero  and  6i  (failure),  the  decision  function  (for  6]  >0)  is  (6) 


E {e.  - 6i/2} 

1=1  ^ 


(12) 


the  upper  criterion  level  is  (lnA)/6i 


(13) 


and  the  lower  criterion  level  is  (lnB)/6i  (14) 

The  classical  theory  cannot  be  applied  directly  to  the  failure  detection 
problem  because  the  basic  assumption  in  the  derivation  was  that  the  same  mode 
exists  du  ' lng  the  entire  period.  A failure  detection  problem  is  characterized 
by  a transition  from  the  normal  mode  to  the  failure  mode  at  some  random  time 
t^.  In  order  tc  overcome  this  difficulty,  we  followed  Cheln  (12)  by: 

1.  Resetting  the  decision  function  to  zero  whenever  3^(m)  is  negative. 

2.  Using  only  an  upper  criterion  level  Ai  which  is  modified  to  keep  the 
same  mean  time  between  two  false  elarms  as  before  including  the 
resetting. 

The  value  cf  Ai  Is  related  to  A and  B in  equation  (11,  by  the  equation 
Ai  - InAi  - 1 - -{inA  + (A  -1) InB/ (1-B) } 


The  modified  decision  function  is  shown  in  Figure  5 and  the  block  diagram 
of  the  basic  decision  mechanism  is  shown  in  Figure  6.  For  the  case  6i  < 0,  the 
decision  function  is 


^(m) 


m 

Z (c,  + 9i/2) 
i-1 


(15) 


and  only  the  lower  crlteiion  level  is  used.  This  criterion  level  is 

-(InA  )/0j  (16) 

The  final  block  diagram  of  the  decision  mechanism  is  shown  in  Figure  7. 

The  operation  of  the  pror<osed  model  is  actually  quit  simple  in  principle. 
Its  basic  properties  are: 

1.  A high  pass  filter  as  a firs<  stage  to  obtain  the  residuals 

2.  Integration  of  the  residual  aad  comparison  to  a fixed  threshold  as  a 
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decision  mechanism  (6). 

3.  Only  three  parameters  control  the  performance  of  the  model: 

a.  The  parameter  designating  the  mean  of  a ’’failed”  process, 

b.  The  signal  to  noise  ratio  of  the  observation  noise  in  the 
Kalman  Filter 

c.  The  probabilities  of  the  two  types  of  error  P(FA)  and  P(MS). 

EXPERIMENTAL  VALIDATION 
Method 

The  Adage  Model  30  Graphics  Computer  was  used  to  simulate  the  ncn-ltnear 
dynamics  ot  a Boeing  707  and  the  control  loops  (7),  The  output  variables  were 
fed  into  the  instrument  panel  of  a fixed  based  Boeing  707  simulator. 

The  simulation  included  the  last  five  minutes  of  flight  prior  to  touch 
down  from  10  miles  from  threshold  and  at  2500  feet  altitude;  the  approach  and 
landing  were  fully  automatic.  The  failures  that  were  used  were  instrument 
failures,  so  that  they  affected  only  the  output  variables  and  were  not  fed  back 
to  the  system.  In  order  to  limit  the  experimental  requirements,  we  considered 
only  failures  in  two  instruments,  the  glideslope  (GS)  Indicator  and  the  airspeed 
(AS)  indicator.  Four  levels  of  failures  were  included  for  each  of  the  two 
instruments.  All  failures  were  deterministic  step  changes  that  were  fed  into 
the  instrument  through  a single  pole  low  pass  filter  with  0.1  second  time  con- 
stant. The  magnitude  of  the  failures  for  the  AS  Indicator  were 


c 1 = 2a 

V 

C2  = 3a 

V 

c 3 = 4a 

^ V 

C4  = 5o 

V 

(17) 

and  for  the  GS 

indicator 

" °GS 

C2  = 1.5a^^5 

(18) 

where  a and  are  the  standard  deviations  of  the  perturbation  from  the  nom- 
inal of^the  displayed  variable  on  the  AS  and  GS  indicators  respectively.  The 
cutoff  frequency  of  these  perturbations  were  tt/6  radians/sec.  Two  random  num- 
ber generators  were  used  to  choose  the  failure  in  each  run;  one  Jeterm.^ned 
the  instrument  and  the  other  the  size  of  the  failure.  In  addition,  a third 
random  number  generator  was  used  to  determine  the  time  of  failure,  t^. 

There  was  a single  failure  in  90%  of  the  runs.  The  high  percentage  of 
runs  with  failures  was  chosen  to  provide  enough  data  in  a reasonable  experi- 
mental time.  There  was  no  feedback  to  the  pilot  concerning  his  performance 
because  it  was  felt  that  such  feedback  would  bias  his  decision,  by  driving  him 
to  try  tc  compensate  for  previous  errors,  or  to  overrelax  after  several  correct 
decisions. 

Each  subject  participated  in  three  experimental  sessions  each  of  which 
Included  16  runs,  or  a total  of  48  runs.  When  the  pilot  detected  a failuie, 
he  pressed  a button  and  the  run  was  terminated.  Otherwise,  the  run  would  go 
until  touch  down.  After  termination  of  each  run  the  subject  was  asked  to  fill 
out  a form  in  which  he  stated  which  instrument  failed  and  how  he  detected  the 
failure. 
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At  the  begianinc  of  each  session,  a set  of  instructions  was  read  to  the 
subject.  In  particular,  he  was  told  that  failure  would  either  be  in  the  AS 
or  GS  indicator,  but  that  he  could  use  other  Instruments  for  verification. 


Results 

The  experimental  results  for  two  . jects  are  summarized  in  Table  1.  The 
tabel  shows  the  mean  and  standard  ur^viation  of  the  detection  time  for  failures 
in  the  two  instruments.  The  results  are  also  shown  in  Figures  8 through  11. 
These  figures  include  the  mean  detection  times  that  v^ere  predicted  by  the  model. 
Those  mean  values  were  obtained  by  the  use  of  a Monte  Carlo  simulation,  v^ith 
the  same  number  of  runs  as  in  the  experiment.  The  values  for  the  three  raod^l 
parameters  were: 

SNR  = 36  P(FA)  = P(MS)  = 0.05  - 0.25  (19) 

The  level  of  P(FA)  was  determined  on  the  basis  of  the  actual  false  alarm  rate 
that  was  found  in  the  experir  jtai  data  For  both  subjects,  the  predicted 
results  seem  to  fit  the  experimental  dat<,  well.  Of  course,  better  fit  could 
be  obtained  by  change  of  the  parameters  in  equation  (19). 


CONCLUSIONS 

In  this  paper  we  proposed  a model  for  the  performance  of  a pilot  as  a 
failure  dt  of  instrument  failures  during  an  dufomatic  landing.  The 

model  consists  of  two  stages:  a linear  estimator  and  a decision  mechanism. 

The  linear  estimator  is  the  Kalman  Filter  which  is  determined  from  a slmpllf ied 
model  of  displayed-variable  dy  lamics  that  are  used  by  the  pilot.  The  filter 
also  accounts  for  the  pilot's  tine  sharing  between  Ln':rurents  through  the 
observation  n.-ise.  The  decision  mechanism  is  based  on  classical  sequential 
analysis  with  some  modification  for  the  failure  detection  case. 

An  experiment  designed  to  test  the  validity  of  the  model  is  described, 
this  experiment,  subjects  had  to  detect  failures  in  the  glideslope  and  air* 
speed  indicators  during  a simulated  landing  in  a Boeing  707  fixed  base  simu- 
lator. The  results  show  that  the  pr2dicted  detectin’*  times  fit  the  experi- 
mental aata  well.  It  should  be  remembered,  however^  hat  only  instrument 
failures  in  the  form  of  a change  i»  the  mean  were  discussed.  Additional 
work  Is  needed  to  verify  the  mod  1 to  *nclude  failures  that  involve  dynamic 
changes  as  well. 
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FAILURE  DETECTION  MODLE 

FIGURE  1 SCHEMATIC  BLOCK  DIAGRAM 
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RESETTING  AREA 


FIGURE  5 MODIFIED  DECISION  FUNCTION 


FIGURE  6 


DECISION  MECHANISM 
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FIGURE  8 DETECTICttJ  TIMES  FOR  GS  FAILURES  (FIRST  SET,  SUBJECT  B.M) 
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FIGURE  10  DETECTION  TIMES  FOR  GS  FAILURES  (FIRST  SET,  SUBJECT  C.C) 
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FIGURE  11  DETECTION  TIMES  FOR  AS  FAILURES  (FIRST  SET,  SUBJECT  C.C) 
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HUMAN  FACTORS  RESEARCH  PROBLEMS  IN  ELECTRONIC 
VOICE  WARNING  SYSTEM  DESIGN* 

By  C.  A.  Simpson  and  D.  H.  Williams 
NASA  Ames  Research  Center 


SUMMARY 


The  speech  messages  Issued  hy  voice  warning  systems  must  he  carefully 
designed  in  accordance  with  general  principles  of  human  decision-making  proc- 
esses, hvunan  speech  comprehension,  and  the  conditions  in  which  the  warnings 
can  occur.  The  operator's  effectiveness  must  not  he  degraded  hy  messages  that 
are  either  inappropriate  or  difficult  to  comprehend.  Important  experimental 
variables  include  message  content,  linguistic  redvindancy,  signal/noise  ratio, 
interference  with  concurrent  tasks,  and  listener  expectations  generated  hy  the 
preigmatic  or  real-world  context  in  which  the  messages  are  presented. 


INTRODUCTION 


The  human  factors  engineer  has  often  been  called  in  to  patch  some  control 
or  display  system  that  was  found  to  he  unworkable  as  originally  produced. 

This  ustially  results  in  compromise  designs,  and  requests  by  the  human  factors 
engineer  to  be  placed  in  the  design  cycle  earlier. 

A new  class  of  devices  is  being  developed  and  produced,  for  which  manu- 
facturers may  welcome  some  design  guidance;  these  are  voia&  weaning  devices. 
Such  devices  have  seen  limited  use  due  to  the  expense  and  complexity  of  the 
required  anedog  storage  and  playback  system.  Now  digital  techniques  can  store 
digitized  speech  (using  approximately  3000  bits  of  memory  per  second  of  stored 
speech)  or  codes  for  synthesized  speech  segments  (lOO  bits /sec)  in  read-only 
memory  chips;  digital  synthesizers  coupled  with  a small  con^uter  can  create 
human-so\mding  speech  rapidly  and  reliably.  The  Job  of  human  factors  engi- 
neers smd  applied  psycholinguists  is  to  specify  the  content  and  format  of 
these  voice  messages  b&fore  they  are  programmed  into  the  device. 

This  paper  reviews  past  research  that  is  relevant  to  the  problem  of  syn- 
thesizer voice  warning  message  design,  discusses  some  Issues  relevant  to  the 
choice  of  a voice  warning  system,  and  lists  some  of  the  known  human  factors 
and  linguistic  design  criteria.  General  areas  in  which  further  research  is 
required  are  discussed  using  specific  examples  taken  from  requirements  for 
cockpit  voice  warning  systems. 


*This  research  was  performed  while  the  authors  held  NRC  resident  research 
associateships  at  Ames  Research  Center. 
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VOICE  WARNING  RESEARCH  TO  DATE 


A number  of  evaluation  studies  have  been  performed  on  hvman  voice  warning 
systems  to  study  the  overall  effectiveness  of  voice  waniing  systems  in  various 
military  aircraft  (refs.  1-U).  Comparisoiis  have  been  made  among  visual  warn- 
ings, auditory  nonspeech  warnings,  and  voice  warnings  (refs.  1,  3,  and  U)  with 
the  general  findings  that  auditory  warnings  elicit  corrective  action  faster 
than  vis\ial  wsumings  (refs.  1,  3,  and  U)  and  that,  as  flight  task  loading 
Increases,  pilots  responded  faster  to  voice  warnings  than  to  nonspeech  audi- 
tory WEUTiings;  they  did  not  scan  the  annxonciator  panel  when  given  a voice 
warning  whereeis  they  did  check  the  panel  visually  before  responding  to  an 
auditory  tone  (ref.  3). 

To  our  knowledge,  little  research  has  been  done  on  the  linguistic  struc- 
ture of  voice  warning  messages,  except  for  the  phonetic  confusability  of  mes- 
sages (ref.  2).  Research  is  now  underway  to  define  more  general  principles 
for  the  length,  content,  and  structure  of  these  messages,  but  until  much  more 
work  has  been  done  in  this  area,  past  empirical  and  theoretical  work  in  psycho- 
linguistics must  be  extrapolated  to  cover  the  design  problem  in  question. 


SCME  ISSUES  WITH  CURRENT  WARNING  SYSTEMS 


At  the  present  time,  both  auditory  and  visual  signals  are  used  for  warn- 
ings. Tactile  warnings  (such  as  stick  shakers)  are  less  generally  used  and 
are  most  useful  when  they  can  be  associated  with  a particular  control  that  is 
being  grasped  when  the  warning  is  possible.  The  visual  channel  in  airline 
operations  is  currently  heavily  loaded  much  of  the  time  - most  heavily  during 
landing  operations.  Similar  visual  loadings  occur  iu  other  conqslex  man- 
machine  systems  such  as  nuclear  reactors. 

The  auditory  channel  can  also  be  quite  heavily  loaded  in  aircraft  becavise 
of  radio  communications  and  by  Intracockplt  communications.  However,  if 
research  shows  that  pilots  have  difficulty  attending  to  voice  warning  mes- 
sages svq>erinposed  on  a background  of  competing  verbal  messages,  then  much  of 
this  background  could  be  block'^d  electronically  for  a message  of  lifesaving 
priority. 

Ambiguity  becomes  a problem  if  auditory  warnings  are  restricted  to  tones, 
for  it  is  known  that,  for  simple  tones,  coding  by  frequency  yields  abo\rt  five 
reliable  discriminations  (ref.  ^).  A two-dimensional  coding  of  tones  (such 
as  frequency  and  intensity)  can  give  eight  dlscriminable  tone  warnings.  Even 
when  dlscriminable  tone  warnings  are  used,  reliably  associating  a large  number 
of  them  with  the  correct  responses  can  be  a problem. 

Voice  warning  systems  have  been  offered  as  a solution.  Obviously,  the 
number  of  possible  'Warnings  codable  in  human  speech  is  essentially  infinite, 
and  the  only  practical  limitation  is  the  cost  and  weight  involved  in  carrying 
extra  IC  chips  for  each  additional  message.  However,  in  developing  a voice 
warning  system,  great  care  must  be  taken  to  make  it  compatible  with  the  total 
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man-machine  system  it  serves.  Voice  warnings  may  not  he  appropriate  in  all 
situations.  Research  is  needed  to  determine  the  best  modality  for  various 
warnings.  The  set  of  warnings  given  verbally  must  then  be  designed  to  be 
unambiguous,  accurate,  easily  perceived  and  interpreted,  and  satisfying  other 
human  factors  criteria. 

Obviously,  it  is  impossible  to  specify  in  detail  an  all-purpose  warning 
message  set.  Situations  that  trigger*  .ramiugs  must  be  defined,  and  if  voice 
warnings  are  being  considered,  then  the  human  factors  and  linguistics  inputs 
are  appropriate. 

EXAMPLE  OF  VOICE  WARNING 

To  illustrate  the  problems  and  factors  that  must  be  considered  in  the 
message  design  process,  a specific  example  was  chosen:  the  ground  proximity 

warning  system  (GPWS)  now  being  installed  in  commercial  airliners.  In  all 
cases,  the  warning  is:  WHOOP ^ WHOOP  - Pull  up!  Pull  up!  This  wsuming  will 

be  given  when  the  following  flight  situations  occur  (ref,  6): 

1.  Excessive  descc it  rate  below  2500  ft  above  ground 

2.  Excessive  closure  rate  with  rising  terrain 

3.  Descent  during  takeoff  up  to  750  ft  above  ground 

h.  Not  in  landing  configuration  below  500  ft  above  ground 

5.  Excessively  low  on  the  glide  slope 

The  CMe  for  voice  wimings  was  strengthened  after  a recent  crash  despite 
the  fact  that  a radio  altimeter  sounded  800-Hz  tone  warnings  several  times 
before  impact  with  the  ground  (ref,  7).  In  this  instance,  it  would  seem  that 
either  (l)  the  crew  did  not  hear  the  tone,  or  (2)  they  disbelieved  it,  or  (3) 
it  took  them  too  long  to  decide  what  the  tone  meant,  or  (U)  they  misinter- 
preted the  meaning  of  the  tone.  Problems,  (l)  and  (3)  are  common  to  all  warn- 
ing systems.  Thev  involve  masking  noise,  habituation,  and  false  alarm  rates 
and  require  well-known  hiaaan  factors  analysis  techniques.  Problems  (3)  and 
(U),  which  involve  fast  and  accurate  comprehension  of  incoming  information, 
might  be  solved  by  giving  the  pilot  a voice  warning.  Flashing  li^ts  may 
divert  visual  attention  from  fli^t  tasks  and  pilots  might  have  difficulty 
remembering  the  meanings  of  different  tones,  clackers,  beeps  and  buzzers.  A 
speech  messeige  uses  an  extremely  familiar  code  and  the  pilot  need  not  divert 
his  visual  attention. 


HUMAN  FACTORS  DESIGN  CRITERIA 


A warning  must  always  result  in  timely  action,  xf  one  were  absolutely 
sure  of  the  correct  action  in  all  circumstances,  and  if  there  were  no  chance 
of  a false  alarm,  then  the  obvious  thing  to  do  would  be  to  take  the  man 
entirely  out  of  the  loop  and  Install  actuators  to  take  the  correct  action  when 
the  problem  was  first  sensed.  An  example  is  the  stick-pushers  used  when  some 
modem  Jets  approach  a stall.  Actuators  are  arranged  sc  that,  unless  tno  sys- 
tem is  disabled  or  overpowered,  the  airplane  will  not  let  Itself  be  stalled. 
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Since  the  conseqxiences  of  a stall,  in  these  aircraft  are  so  severe,  end  the 
prevention  so  easily  accon^lished,  a stick-pusher  vas  chosen.  If  a warning 
can  be  connected  to  some  control  or  combi-'ation  of  controls  that  will  always 
prevent  accidents,  and  will  malfunction  at  a rate  less  than  the  current  rate 
of  those  accidents,  then  it  should  be  installed.  As  will  br  shown  later,  the 
situation  is  not  nearly  so  single  in  many  ceises. 

If  a stick-p\isher  or  its  equivalent  cannot  be  used  to  avoid  accidents, 
there  is  then  the  problem  of  placing  the  man  in  the  loop  with  msucimum  effec- 
tiveness. A possible  design  philosophy  would  be  to  tell  the  operator  what  to 
do,  rather  than  what  is  wrong.  This  would  honefully  allow  almost  instant  cor- 
rect resi>onses,  since  no  human  processing  tirr-  would  be  required  to  decide 
the  action  to  be  taken.  VQien  a deeper  analysis  is  made,  it  becomes  clear  that 
this  philost^hy  will  be  difficult  to  implement,  and  it  may  not  have  the 
desired  effect. 

First,  it  must  be  remembered  that  all  the  operators  in  the  GPWS  case  are 
(necessarily)  airline  pilots.  Before  they  initiate  a violent  maneuver  or 
decisive  action  (such  as  pulling  a fire  bottle  in  their  sdrrraft  at  the  behest 
of  an  automatic  system),  they  will  almost  certainly  check  all  information 
available  to  them  to  verify  that  a critical  situation  exists.  In  the  case  of 
a GPWS,  if  a single  warning  such  as  ”pull  \q>”  is  given,  the  pilot  mxist  remem- 
ber which  kinds  of  situations  are  likely  to  trigger  this  wamlng,  then  begin 
checking  for  these  sittiations.  This  will  probably  take  at  least  as  much  time 
and  probably  more  time  than  if  the  system  had  annorinced  the  condition  that 
initiated  the  warning. 

After  the  pilot  is  notified  that  some  undesirable  condition  exists,  it  is 
necessary  to  ensvirs  that  he  take  the  proper  corrective  action.  For  example, 
assume  the  GPWS  alarm  heis  been  triggered  by  an  excessive  sink  rate  below  2500 
ft  AGL.  This  could  be  caused  either  by  (l)  Insufficient  Edr speed  (settling 
rapidly)  or  (2)  a hi^-speed  dive  or  splrsd.  If  it  was  an  insufficient  air- 
speed problem,  then  adding  povrer  and  pitching  down,  possibly  adding  takeoff 
flaps  and  cleaning  up  any  spoilers,  landing  gear,  etc.,  would  be  appropriate, 
adl  depending  on  any  airframe  damage  or  known  malfunctions  (l.e. , one  would 
probably  not  elect  takeoff  flaps  if  there  was  known  hydraulic  system  dameige). 

If  the  problem  wets  a high-speed  dive,  then  one  would  reduce  power  (or  even  use 
reversers  if  allowed),  level  the  wings,  and  pitch  up  gently,  dei>ending  on  air- 
speed. It  would  be  very  difficult  to  specify  actions  to  be  taken  in  Just  this 
one  exan^le,  with  so  many  possible  actions  and  so  many  decisions  to  be  made. 
When  all  possible  situations  that  would  trigger  a GPWS  €tre  considered,  and  all 
the  possible  courses  of  action  are  described  and  the  decisions  enumerated,  an 
instruction  set  of  staggering  complexity  results.  Even  if  the  hardware  could 
be  designed  to  give  the  pilot  all  relevant  fli^t  Information  and  required 
corrective  actions,  it  is  difficult  to  make  an  a pTiovv  decision  as  to  Just 
how  much  of  this  information  should  be  given  to  the  pilot.  Similar  problems 
would  be  expected  to  emerge  when  warnings  for  other  complex  systems  are 
considered . 

Leaving  the  operator  as  much  flexibility  as  possible  in  the  decision  proc- 
ess permits  him  to  make  the  kinds  of  decisions  humans  are  better  at  making 
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than  computers,  those  requiring  integration  of  unexpected  information  to  find 
novel  solutions  for  \anique  situations.  On  the  other  hand,  in  Just  those  situ- 
ations when  the  operator  has  forgotten  a normally  routine  operation,  perhaps 
due  to  high  task  loading  as  a result  of  fatigue  or  an  emergency  sitxiation, 
etc. , it  might  take  him  longer  than  usual  to  decide  the  proper  action  to  take. 
To  speed  the  operator's  decision  process,  perhaps  the  voice  waiting  should 
also  tell  him  what  actions  the  computer  thinks  are  required.  This  would  work 
well  xinder  normal  operating  conditions.  But  when  some  systems  are  malfvinction- 
ing,  for  exas^le,  the  operator  would  have  to  make  a unique  decision  based  on 
all  available  information  and  the  particular  situation.  In  such  sitxiations, 
it  is  possible  that  he  would  ignore  the  recommendations  of  the  voice  warning 
system.  Designing  the  system  to  announce  the  problem  rather  than  issue  a com- 
mand would  avoid  this.  Commands  versus  advisories  must  be  submitted  to  experi- 
mental rest.  One  cannot  predict  the  particular  set  of  tradeoffs  in  response 
time,  accuracy  of  decision  end  control  movements,  and  flexibility  of  the 
operator  to  respond  to  abnonnal  and  often  unique  situations. 

Future  technologiceQ.  developments  ma;>-  provide  a way  to  implement  a 
requirement  for  a large  set  of  warning  messages.  Speech  ssrnthesizers  are  now 
being  developed  which  can  create  an  unlimited  message  set  when  driven  by  a 
rather  small  computer.  In  some  future  system  then,  warning  messages  may  be 
able  to  tell  the  operator  what  is  wrong  and  indicate  what  he  should  do  about 
each  situatic®.  In  the  sink  rate  example  above,  the  computer  could  check  air- 
speed and  aircraft  configuration  and  say  either  (l)  "aircraft  settling  - add 
power,  wheels  tq>,  spoilers  retracted,”  or  (2)  "hi^-speed  dive  - power  off, 
level  wings,  pitch  up,"  or  the  appropriate  emergency  checklist  items  for  the 
aircraft  involved. 

Note  that  this  system  would  satisfy  sdl  the  general  requirements  for  a 
warning  system  - it  is  unambiguous;  the  pilot  knows  what  is  wrong,  and  is 
advised  what  to  do  in  each  different  situation,  thus  ensuring  that  the  warning 
is  effective.  Since  the  warning  is  auditory,  his  vision  is  not  distracted 
from  crucial  instruments,  thus  making  the  warning  compatible  with  continued 
visual  monitoring  of  glide  slope,  attitude  displays,  etc.  Of  course,  research 
must  be  conducted  to  determine  whether  voice  warnings  adversely  affect 
performance  on  visual  flij^t  tasks. 

For  lower-cost  situations  or  more  immediate  applications,  we  must  con- 
sider what  sort  of  warnings  should  be  provided,  given  the  current  state  of  the 
art.  The  current  GPWS  system,  for  example,  gives  a single  voice  command  - 
"pull  up."  It  was  argued  above  that  "pull  up”  may  not  be  the  best  warning  in 
many  cases.  If  we  cannot  give  the  ideal  wsurnings,  that  is,  an  analysis  of  the 
situation  and  the  emergency  checklist  items  appropriate  to  that  situation, 
then  what  is  next  best? 

Since  the  GPWS  is  designed  to  know  the  mode  it  is  in  when  it  was  trig- 
gered, that  is,  it  can  distinguish  between  "excessive  sink  rate"  and  "glide- 
slofe  deviation,”  then  it  should  be  able  to  provide  separate  outputs  for  each 
warning  situation.  Thus,  we  could  generate  a different  warning,  either  tac- 
tual, tone,  visued,  or  spoken,  for  each  critical  situation.  It  was  argued 
above  that  «ipeech  might  be  the  most  suitable  mode  for  such  warnings,  so  the 
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question  Is:  can  speech  messages  he  designed  to  tell  a pilot  what  to  do  In 

each  warning  node?  It  seems  likely  that  the  answer  Is  no,  not  without  sensors 
not  presently  fitted  to  aircraft.  Discriminating  between  the  low-speed  set- 
tling case  and  the  high-speed  dive  should  he  no  problem,  hut  the  out-of- 
configuration,  glide-slope  deviation  and  sinking-after-takeoff  warnings  coxild 
he  due  to  such  a Isorge  variety  of  causes  that  no  single  action  or  set  of 
actions  can  be  specified  which  would  always  he  appropriate. 

The  best  form  for  warnings,  then,  would  seem  to  he  to  tell  the  pilot  what 
the  GPWS  thinks  is  wrong  and  let  him  decide,  based  on  his  knowledge,  what  to 
do.  Thxis,  if  he  is  at  FL  390  in  clear  hrlgiht  sunshine  and  hears  "ground  wam- 
ing,"  (l)  he  looks  out  the  window,  (2)  checks  the  radio  edtimeter,  finds  that 
it  is  reeuiing  1000  ft  and  acting  very  erratic,  and  (3)  pulls  the  circuit 
breaker  to  get  rid  of  the  warning. 

The  problem  remains:  how  should  the  messages  be  worded  to  ensure  fast 

and  accxirate  con^jrehension?  The  speech  message  must  be  designed  as  carefully 
as  the  hardware. 


LINGUISTIC  DESIGN  CRITERIA 


The  numerous  variables  found  to  affect  the  reception  of  human  speech  mes- 
sages by  a human  listener  can  be  grouped  into  five  general  categories: 

Physical  Environment: 

■Signal/noise  ratio 
*Noise  characteristics 
•Masking  by  other  signals 
Characteristics  of  Transmission  l^stem: 

•Frequency  response 
•Signsd/system-noise  ratio 
•Spatial  separation  of  competing  messages 
Pragmatic  Context: 

•Listener  expectation  from  real-world  situation 
•Type  and  complexity  of  response 
Psycholinguistic  Factors: 

•Phonetic  confusability 
•Number  of  syllables 
•Natural  frequency  of  usage 
•Number  of  message  repetitions 
•Repetition  rate 
•Syntactic  context 
•Semantic  context 

•Complexity  of  syntactic  structure 
•Complexity  of  semantic  stinicture 
Listener  Skills  and  Training: 

•Practice  with  message  set 
•Familiarity  with  phraseology  type 
•Fand.liarity  with  real-world  message  context 
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•Familiarity  with  a specific  acoustic  distortion 

•Feuniliarity  with  a particular  accent 

Aspects  of  the  physical  environment  that  affect  speech  recognition  and 
con^rehension  are  signal/environmental  noise  ratios  and  the  masking  of  signals 
by  other  signals  (refs.  8-15).  The  aharaoteristios  of  transmission  systems 
include  the  frequency  response  of  the  system,  the  audio  level  of  the  output, 
the  signeil/system-noise  ratio,  the  number  of  repetitions  of  a message,  the 
choice  of  output  device,  for  example,  speaker  versus  headphones  and,  in  the 
case  of  competing  verbal  messages,  monaurad.  versus  binaurad.  versus  dlchotic 
presentation,  differentiadL  filtering,  spatial  separation,  differentiad.  voice 
qualities,  and  sequencing  versus  slmultaneoxis  presentation  (refs.  8 and  16-I8). 

Effects  of  the  linguistic  structure  of  the  materied.  include  the  listener's 
expectations  derived  from  i^onologicad.,  syntactic,  and  semantic  context;  the 
number  of  possible  responses;  for  isolated  words,  the  number  of  syllables,  the 
phonetic  confusability  of  the  possible  responses,  the  frequency  of  occxarrence 
of  words  in  naturad.  usaige,  grammatical  form  class;  cognitive  difficulty  of 
processing  specific  syntactic  and  semamtic  sentence  structures  (refs.  8,  13, 
and  19-35).  The  pragmatic  context  in  which  messages  are  received  and  acted 
upon  ailso  affects  the  listener's  conprehension  of  them.  His  expectations, 
given  a paurticulair  real-world  situation,  can  limit  the  alternatives  he  con- 
siders in  processing  a verbad.  message.  This  is  one  of  the  least  studied  areas 
of  speech  perception  but  some  work  hats  demonstrated  the  existence  of  such 
effects  (refs.  36-38),  amd  linguistic  theory  is  currently  providing  quantities 
of  theoreticad.  discussions  on  the  subject.  Another  pragmatic  variable  that 
affects  speech  comprehension  is  the  type  auid  complexity  of  the  responses 
required  of  the  listener  (refs.  11  and  39).  In  a thought  provoking  article, 
Chapanis  (ref,  1|0)  cited  the  following  example  to  illustrate  how  complex  syn- 
tax or  word  order,  together  with  a lack  of  consideration  for  the  praigmatic 
context  in  which  a message  is  to  be  used,  cam  result  in  poor  messaige 
comprehension: 

NOTICE:  This  radio  uses  a long  life  pilot  lamp  that  may 
stay  on  for  a short  ime  if  radio  is  turned  off  before 
radio  warms  up  and  starts  to  play. 

The  intent  of  the  message  is,  according  to  Chapanis, 

NOTICE;  Don't  worry  if  the  pilot  lamp  should  stay  on 
for  a little  while  after  you  turn  the  radio  off. 

To  most  readers,  the  second  version  is  much  easier  to  understand.  Chapanis 
made  two  types  of  changes.  First,  he  reduced  the  number  of  clauses  or 
sentence-sized  ideas  from  five  to  three.  His  other  change  concerns  the  pr«ig- 
raatic  context  in  which  the  message  is  to  be  used.  The  message  user  will  not 
be  a radio  repairman  nor  an  electronics  engineer.  There  is  therefore  no  need 
to  include  in  this  message  any  of  the  technical  reasons  for  the  pilot  lamp 
remaining  on  after  the  radio  is  turned  off.  In  the  new  version,  the  radio 
user  has  all  the  information  he  needs  and  none  of  the  unessential  distracting 
ideas.  Finally,  we  must  consider  the  listener's  skills  and  training,  Fletcher 
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and  Steinberg  (ref.  8)  found  effects  for  listener  familiarity  with  the  distor- 
tion type  of  a particular  transmission  system.  Familiarity  with  message  sets 
of  words  and  the  interactions  with  S/N  ratio  and  word  frequency  has  been 
studied  by  Pollack,  Rubenstein,  and  Decker  (refs.  UI-U3).  We  know  of  no 
research  other  than  that  of  Simpson  now  in  progress  on  the  effects  of  famili- 
arity with  a particvilar  type  of  phraseology  learned  prior  to  and  independently 
of  the  laboratory  test  experience.  In  addition  to  familiarity  with  message 
sets  and  formats,  we  can  expect  the  listener's  prior  training  for  performing  a 
particular  reed-world  task  (such  as  flying  an  aircraft)  to  affect  his  compre- 
hension of  flight-related  messages. 

The  effects  of  the  above  variables  are  not  always  obvious  since  we  tend 
to  take  for  granted  our  ability  to  speak  and  understand  speech.  But  we  can 
expect  them  to  play  a role  in  an  operator's  comprehension  of  synthesized  speech 
messages  presented  by  a voice  warning  system.  Their  effect  may  be  even  greater 
than  for  human  speech  to  the  extent  that  the  synthesized  speech  Is  less  intel- 
ligible overcdl  than  human  speech.  The  added  context  of  a specific  real-world 
sitmtion  in  which  warning  messages  will  be  presented  will  also  have  its 
effects.  Most  of  the  research  on  speech  intelligibility,  articulation  vadues, 
and  si>eech  cong>rehension  has  been  divorced  from  any  particiilar  pragmatic  con- 
text such  as  the  cockpit  environment.  The  only  exception  we  know  is  the  body 
of  research  done  on  cosseting  messages  which  used  simulations  of  air  traffic 
control  (ATC)  communications  (refs.  9,  11,  I6-I8,  and  39). 

Message  optimization  will  require  analysis  of  the  gain  and  penalties 
obtained  from  a number  of  factors.  Within  a specific  real-world  context,  some 
of  the  psycholinguist ic  variables  mentioned  above  may  have  little  or  no  effect 
on  message  conprehension  - others  may  be  extremely  Important.  Given  listeners 
(say  airline  pilots)  hi^ly  trained  to  perform  a specific  tsisk  (flying  an  air- 
craft) and  therefore  familiar  with  a specific  body  of  terminology  (ATC  phrase- 
ology, routine  checklist  items,  navigation  terms,  emergency  checklist  items), 
we  need  to  assess  the  effects  of  such  linguistic  variables  as  length  of 
utteiance,  number  of  syllables,  syntactic  and  semantic  context,  voice  pitch, 
intonation  contours,  rate  of  speech,  message  repetition,  and  rate  of  repeti- 
tion on  the  speed  and  accuracy  of  the  listeners'  conprehension.  These  vari- 
ables must  be  tested  both  in  single  task  mode  with  the  listener  merely  attend- 
ing to  the  warning  messeiges  and  also  in  fll^t  simulation  where  the  effects  of 
task  loading,  unexpected  events,  time  sharing  of  attention,  and  situational  or 
pragmatic  context  can  be  introduced.  We  may  find  that  synthesized  warning 
messEiges  that  are  always  comprehensible  to  a practiced  listener  pilot  sitting 
in  a sound  booth  go  entirely  unnoticed  or  must  be  repeated  several  times  when 
the  same  listener  pilot  is  flying  a simulated  approach  on  the  gauges  and  not 
expecting  a warning  message. 

Using  a GPWS  as  an  example,  we  can  examine  the  interactions  between  vari- 
ous linguistic  and  human  factors  variables  in  voice  warning  system  design. 

For  voice  waurninf  messages  in  the  cockpit,  we  will  need  to  study  different 
wordings  for  the  same  information  to  see  which  wording  produces  the  fastest 
and  most  accurate  control  responses  by  pilots.  Suppose  the  system  decided  the 
aircraft  was  too  close  to  the  ground  in  cruise  configuration.  Such  a condi- 
tion could  arise  on  an  approach  in  which  the  pilot  had  neglected  to  lower  the 
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flaps  and  landing  gear.  If  we  assume  that  a future  system  would  be  able  to 
distinguish  between  this  situation  and  a similar  one  in  which  the  pilot  in 
cruise  configiiration  accidentally  flies  too  close  to  the  terrain,  we  would 
want  it  to  issue  a mess 'ge  telling  the  pilot  the  problem  and  perhaps  also  to 
get  the  gear  suid  flaps  down.  One  of  the  speech  comprehension  factors  that  may 
affect  pilot  response  times  to  such  a message  is  the  redundancy  in  the  encoding 
of  the  message.  We  can  choose  a wording  that  is  extremely  economical  in  terms 
of  the  number  of  words  in  the  message:  Landing  - Flaps  - Gean,  If  the  pilot 

misses  any  of  the  words  in  this  message,  he  also  misses  the  information  con- 
veyed by  those  words  and  cannot  get  that  information  from  6Uiy  other  words  in 
the  message.  The  pragmatic  context  in  which  the  message  occxirs,  namely, 
approach  for  landing,  will  help  the  pilot  decide  what  the  message  might  have 
said,  but  that  process  also  takes  time.  Esther  the  pilot  will  have  to  perform 
visual  checks  on  various  systems  that  could  have  failed  and/or  he  will  wait 
for  the  voice  message  to  be  repeated. 

If  the  messages  are  worded  using  a normal  sentence  structure,  they  will 
be  longer,  but  each  part  of  the  information  in  the  messs^je  will  be  conveyed 
by  more  tnan  one  word.  Then  if  the  pilot  does  not  hear  one  of  the  words  in 
the  message,  he  can  reduce  the  number  of  possible  choices,  using  the  words  he 
did  understand.  For  the  message  about  the  gear  and  flaps,  a more  redundant 
wording  would  be:  You* re  on  final  approach.  Put  the  flaps  and  landing  gear 

dom. 


Note  that  one  needs  to  hear  only  either  put  or  down  to  understand  that 
something  (flaps,  spoilers,  or  gear)  must  be  extended.  If  one  hears  either 
landing  or  gear^  he  will  realize  that  the  message  is  about  the  landing  gear. 
Note  also  that  the  beginning  of  the  r/.esage  gets  the  pilot's  attention  so  he 
will  be  listening  when  the  critical  part  is  said. 

The  effects  of  different  sentence  structures  must  be  studied  to  see  which 
structures  sure  most  quickly  understood  with  the  least  amount  of  misinterpreta- 
tion. The  shortest  version  in  terms  of  number  of  words  and  pronunciation  time 
may  not  be  the  most  effective. 

Once  we  have  determined  what  information  to  give  the  pilot  and  the  best 
syntactic  structure  to  use,  tha  semantics  of  the  message  must  still  be  con- 
sidered. This  is  another  aspect  of  sentence  wording.  Syntax  deals  with  the 
order  of  the  words  in  the  sentence.  Semantics  deals  with  the  meaning  of  the 
words  in  the  sentence.  It  is  important  to  realize  that  the  meaning  of  a word 
is  always  partially  determined  by  its  syntactic  and  semantic  relationships  to 
the  other  words  in  the  sentence.  Word  meanings  are  also  partially  determined 
by  the  real-world  situation  or  pragmatic  context  in  which  they  are  said.  All 
of  these  factors  combine  to  determine  which  of  several  possible  mesmings  a 
particular  word  or  sentence  has.  If  you  hear  the  word  slipt  you  may  think  (jf 
a piece  of  paper.  If  you  hear  it  in  the  sentence  "You  will  need  to  slip  the 
Cid>  into  this  short  mountain  strip, " you  are  unlikely  to  think  about  pieces 
of  paper.  If  you  hear  "Be  careful  not  to  slip  on  the  wet  floor,"  you  probably 
won't  think  about  pieces  of  paper  or  airplanes  in  understanding  the  meaning  of 
the  word  slip. 
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We  saw  above  that  the  message  ”pull  up"  was  not  always  appropriate  for 
situations  that  trigger  the  GPWS.  In  this  case,  the  pragmatics  of  the  flight 
situation  actually  contradict  the  semantics  of  the  message.  If  we  choose  ■'jhe 
wording  of  a message  so  that  it  can  have  different  meanings  in  different  flight 
situations,  we  can  both  economize  on  the  total,  number  of  messages  and  give  the 
pilot  the  flexibility  of  responding  appropriately  to  different  situations. 

For  exaaple,  "climb  immediately"  covild  be  interpreted  as  increase  thnjst  and 
angle  of  attack,  or  increase  thrust  and  lower  the  nose,  or  increase  thrust  and 
hold  pitch  constant,  depending  on  the  context. 


CONCLUDING  REMARKS 


These  examples  illustrate  the  kind  of  analysis  and  research  which  should 
be  done  to  design  effective  voice  warning  systems.  While  the  example  was 
specifically  for  a GPWS,  the  same  considerations  woxild  apply  to  a voice  warn- 
ing for  other  kinds  of  complex  systems,  in  vehicles  or  fixed  installations. 
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A DECISION  AND  CONTROL  MULTI-AXIS  PILOT  MODEL 

BASED  ON  AN  URGENCY  FOR  ACTION  CONCEPT 

J.  J.  Pollard,  Capt  USAF 
AF  Flight  Dynamics  Laboratory 

Dr.  R.  A.  Hannen 
Wright  State  University 


SUMMARY 


An  all  digital  multi-axis,  multi- Input,  multi-output  pilot  model  flies 
five  different  tasks  In  aircraft  of  different  classes  while  encountering 
turbulence  represented  by  the  Dryden  spectral  model.  Six  degree  of  freedom 
linearized  aircraft  equations  of  motion  are  used  together  with  a generalized 
stability  augmentation  system. 

The  pilot  model  consists  of  two  parts:  (1)  a decision  maker  and  (2)  a 

control  action  implementer.  This  decision  maker  selects  the  critical  vari- 
able and  predicts  the  error  at  action  iiq>lementatlon.  The  control  action 
implementer  decides  the  magnitude  of  control  to  be  applied  and  applies  It. 

This  system  has  been  successfully  compared  with  hybrid/analog  man-ln- 
the-loop  slmulc.tlon.£  of  the  F-5,  A-7,  T-33,  and  707  aircraft,  thus  validating 
the  all  digital  simulation  and  the  decision  and  control  pilot  model. 


INTRODUCTION 

This  paper  will  report  the  modelling  of  the  function  of  the  human  pilot 
in  complex  multi-axis,  multi-input,  multi-output  aircraft  tracking  tasks. 
Single-axis  tracking  tasks  have  oeen  studied  extensively  [1,  11]  and, 
generally,  the  concepts  postulated  for  the  multi-axis  pilot  function  are  ex- 
tensions of  single  ax^s  theory  which  assume  the  pilot  is  capable  of  active 
control  of  multiple  axes  simultaneously.  Simulation  data  collected  within 
the  Flight  Dynamics  Laboratory  and  also  by  Northrop  [2]  will  not  support  this 
hypothesis.  Rather  an  urgency  for  action  concept  which  Implies  control 
action  on  the  axis  most  in  need  of  correction  seems  more  applicable.  To  test 
and  demonstrate  this  concept,  an  all  digital  simulation  of  manned  flight  In 
turbulence  employing  this  approach  was  developed.  This  required  a sequen- 
tial two  part  pilot  model  capable  of  decision  making  and  control  action. 

Of  necessity,  this  Introduces  a non-linear,  non-contlnuous,  and  time  varying 
element  as  the  model  of  the  human  controller.  The  analysis  and  simulation 
was  quite  extensive  and  Included  the  pilot  performing  five  specific  tasks  in 
different  classes  of  aircraft.  Just  an  overview  of  the  pilot  model  and 
simulation  will  be  presented  in  this  paper  which  is  a summary  of  one  of  the 
author's  dissertation  research  [5].  A representative  example  of  the 


107 


simulation  Is  given  for  the  landing  task  for  the  Boeing  707. 
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The  equations  of  motion  for  the  aircraft  were  represented  by  linearized 
perturbation  equations  written  with  respect  to  stability  axes  for  the  simu- 
lated aircraft.  These  equations  and  the  definition  of  terms  have  been 
developed  In  many  other  sources  [3,  4,  5]  and  only  a representative  set  are 
presented  here. 
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II.  The  Stability  Augmentation  System  and  Physical  Actuators 


(1) 


In  many  aircraft  the  above  airframe  equations  yield  lightly  damped  and 
even  unstable  characteristics.  To  bring  the  aircraft  within  8785  [8]  specl- 
flcatlonsp  a stability  augmentation  system  Is  provided  to  improve  basic 
system  characteristics  and  responses.  Considering  6e^p  6a^  and  6r^  as  the 

commanded  surface  deflections,  the  pilot  and  the  augmentation  system  Join  to 
yield 


6r  ■ 6r  + 6r 
c aug  p 


5a  • 6a  -f  6a 
c aug  p 


(2) 


6e  ■ 6e.  + 6e^ 

c aug  p 


Here  6r  , 6a^,  and  6e^  are  the  pilot's  commands  and  6r_._, 

p p p 
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are  carefully  chosen  and  blended  feedback  compensation.  Readily  measurable 
variables  such  as  9,  q,  q,  n^*  P>  ^ others  [5,  6,  7]  are 

generally  used.  The  actual  surface  deflections  often  f.re  obtained  by  feeding 
the  connanded  deflections  through  electro-mechanical  servo  actuators  which 
are  modeled  by  a first  order  lag  such  as 

6r  * - — 6r  + — 6r  (3) 

T T c 

and  similarly  for  Se  and  5a. 


III.  The  Turbulent  Environment 

To  provide  a quasl-reallstlc  environment  for  flight,  turbulence  Is 
introduced  by  using  the  Dryden  Spectral  Model  given  by  [8]  with  Implementa- 
tion by  Heath  [9]  and  special  considerations  for  Implementation  by  Pollard 
and  Hannen  [10] . The  recoimaended  values  t.f  Intensity  were  Implemented  as 
well  as  other  desirable  multiples  to  yield  light,  moderate,  heavy  and  thunder- 
storm turbulence. 


IV.  A Decision  and  Control  Multi  Axis  Pilot  Model 

A.  The  Decision  Maker 

Figure  1 shows  a block  diagram  of  the  functions  performed  by  the  digital 
pilot  during  the  decision  making  process.  As  can  be  seen  the  pilot  scans  his 
instrusent  dl^jplay  and  notes  the  variables  critical  to  his  task  and  the  rates 
at  which  they  are  changing.  From  this  Information  he  Is  able  to  predict 
(lead)  the  errors  at  some  future  time;  In  so  doing  the  pilot  accounts  for  the 
isagnltudes  of  displacements  he  observes  on  his  Instruments  and  normalizes  the 
results.  After  considering  the  relative  time  since  he  last  acted  on  each 
variable,  he  ranks  the  variables  as  most  critical  Independent  of  task.  Task 
dependence  Is  then  added  by  relatively  weighting  each  of  the  errors  and 
finally  the  critical  variable  Is  chosen  by  relative  comparison.  Figure  2 
shows  the  detailed  diagram  of  the  decision  making  process. 

B.  Control  Action  Implementation 

The  control  action  takec  by  the  pilot  is  determined  by  Judicious  appli- 
cation of  the  Initial  value  theorem  and  consideration  of  th«  physical  charac- 
teristics of  human  process  control.  Figure  1 shows  a general  block  diagram 
of  the  control  action  Implementation.  After  the  magnitude  of  control  action 
Is  determined  by  the  IVT,  compensation  for  the  aircraft  being  flown,  which 
Is  in  the  form  of  a scale  factor  dependent  on  s’  xraft  mass.  Is  Introduced. 
The  failure  of  the  pilot  to  accurately  implement  his  desired  control  action 
Is  considered  by  much  the  same  method  as  Klelnman,  Baron,  and  Lcvlson  [11], 
although  a minimum  threshold  value  for  the  rms  value  of  the  remnant  is  Intro- 
duced. The  estimated  value  Is  then  checked  by  a limiter  for  physical  reallsi^ 
and  the  control  action  applied  after  a pure  time  delay  and  accounting  for 
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Figure  1.  General  Diagram  of  the  Pilot  Model 
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for  pilot  lag.  Figure  3 shows  the  typical  control  action  sequence  for  an 
elevator  comnand: 


A - Instruments  scanned;  decision  making  process  begins. 

B ' Decision  process  complete;  control  action  begins. 

C - Desired  control  action  initiated  at  B achieved;  however 
further  control  action  is  still  required. 

D Sufficient  control  action  observed;  decision  to  return 
to  trim  complete. 

E - Control  sequence  complete;  elevator  returned  to  trim. 


Figure  3.  Control  Action  Sequence 


Figure  2 presents  a more  detailed  representation  of  the  multi-axis  control 
action  implementation. 

The  initial  value  theorem  is  used  as  the  primary  method  for  control 
action  determination.  'This  theorem  is  applicable  because  the  aircraft  is 
kept  in  a transient  state  by  the  discontinuous  and  frequent  control  actions 
taken  as  the  pilot  divides  his  time  among  the  axes. 

The  actual  application  of  the  Initial  value  theorem  is  demonstrated 
here  for  a case  where  the  pitch  attitude  has  been  determined  the  critical 
variable.  An  appropriate  transfer  function  for  h/Se  is  given  by  [12]. 
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The  Initial  Value  Theorem  states 


iio  exists. 


So  equation  (4)  becomes 
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For  most  aircraft  so  that 


or 


q » Mg^«e 


(8) 


Now  under  the  assumption  the  pilot  wishes  to  reduce  his  pitch  error  to  zero 
over  the  time  t*. 


t* 

®e  “ " / (9) 

® o ® 

where 

6^  Is  the  pitch  error  predicted 

q^  Is  the  commanded  pitch  rate  (assumed  constant  over  the  tliae 
Interval  of  Interest) 

and 


t*  Is  the  total  time  of  application 

Thus 

« - M 

**c  " " t*  (10) 
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and  so  the  pilot's  conmand  can  be  expressed  as 


(11) 


(12) 


Discussion  of  the  determination  of  t*  and  other  factors  involved  are  given 
by  Pollard  (5J. 


V.  The  Time  History  Generation 

The  models  of  the  aircraft,  stability  augmentation  system,  environment, 
and  pilot  model  were  Integrated  using  a Cyber  74  digital  computer.  The  state 
time  history  produced  was  sampled  at  a rate  of  8 per  second  and  time  average 
statistics,  plots,  and  maximum  and  minimum  data  points  generated.  A sample 
of  the  one  page  statistical  output  is  given  in  Figure  4 for  the  707  in  power 
approach. 


VI.  Comparison  of  the  Digital  Simulation  with  a Hybrid  Man 

in  the  Loop  Simulation 

Several  landing  approaches  were  made  of  each  of  two  USAF  pilots  using  a 
hybrid  simulation  at  the  Air  Force  Flight  Dynamics  Laboratory  in  a 707  simu- 
lator cockpit  with  simulated  707  aerodynamics.  The  results  of  the  707  study 
are  thoroughly  presented  in  Gressang,  et  al  [13]. 

Of  interest  were  ten  flights  by  each  pilot  under  IFR  conditions  with  low 
turbulence  present.  The  average  standard  deviations  of  each  of  the  states 
for  each  pilot  are  shown  by  the  triangle  and  star  on  the  bar  graphs  of 
Figure  S.  Additionally,  ten  approaches  were  made  independently  using  the 
digital  simulator  and  pilot  model  of  this  paper.  These  ten  runs  are  shown 
by  the  circles  on  Figure  5.  The  tic  marks  represent  actual  extremes  in  the 
manned  simulation.  Agreement  (verified  by  use  of  non-parametrlc  statistical 
testing)  is  good  except  for  q,  6e  and  6r.  The  value  of  6r  differs  because 
the  human  pilots  we;e  trained  to  make  lateral  corrections  using  only  aileron 
inputs  while  the  digital  pilot  used  both  the  rudder  and  aileron.  The 
longitudinal  problem  is  discussed  in  [5]. 


VII.  Other  Aircraft  Considered  and  Other  Applications 

The  model  was  also  used  with  A-7,  F-5,  F-4,  YQM-98,  T-33,  and  DC-8 
aircraft  with  good  consistent  results  matching  various  hybrid  and  analog 
man-in-the-loop  slimilatlons  (5). 
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Figure  4.  Digital  Simulation  Output 
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simulation  Comparlaon 


Other  applications  considered  for  the  program  include  aerodynamic  data 
package  checkout,  stability  augmentation  system  preliminary  design  and 
checkout,  choosing  and  delimiting  proposed  manned  simulation  conditions,  and 
the  test  of  different  aircraft  under  identical  repeatable  conditions. 


VIII.  Conclusions  and  Future  Research  Areas 

All  digital  multi-axis,  multi-input,  multi-output  piloted  simulation  can 
be  performed  readily  and  relatively  inexpensively  using  the  program  developed. 
The  need  for  expansion  to  include  visual,  aural,  and  kinematic  effects  is 
clear  and  proposed  for  future  consideration. 


REFERENCES 

1.  McRuer,  D.  and  E.S.  Krendall,  Mathemati\,al  Models  of  Human  Pilot  Behavior. 

North  Atlantic  Treaty  Organization,  AGARDograph  #188,  November  1973. 

2.  Onstott,  E.,  Multi-Axis  Pilot  Vehicle  Dynamics  During  VTOL  Flight. 

Northrop  Corporation,  Proceedings  of  the  10th  Annual  Conference  on 
Manual  Control,  9-11  April  1974. 

3.  McRuer,  D.,.I.  Ashkenas  and  D.  Graham,  Aircraft  Dynamics  and  Automatic 

Control,  Princeton,  New  Jersey,  Princeton  University  Press,  1973. 

4.  Blakelock,  J.H.,  Automatic  Control  of  Aircraft  and  Missiles.  New  York, 

John  Wiley  & Sons,  1965. 

5.  Pollard,  J.J.,  All  Digital  Simulation  for  Manned  Flight  in  Turbulence. 

Air  Force  Institute  of  Technology,  Doctoral  Dissertation,  DS/EE/75-1, 
Wright-Pat terson  AFB,  Ohio,  March  1975. 

6.  Teper,  G.,  Aircraft  Stability  and  Control  Data.  Systems  Technology,  Inc., 

Report  #176-1,  Hawthorne,  California,  April  1969. 

7.  Heffley,  R.  and  W.  Jewell,  Aircraft  Handling  Qualities  Data,  Systems 

Technology,  Inc.,  Report  #1004-1,  Hawthorne,  California,  May  1972. 

8.  Chalk,  C.R.,  et  al..  Background  Information  and  User*s  Guide  for 

MIL-F-8785B(ASG) , ’'Military  Specification  - Flying  Qualities  of  Piloted 
Airplanes",  Air  Force  Flight  Dynamics  Laboratory,  AFFDL  TR  69-72, 
Wright-Patterson  AFB,  Ohio,  August  1969. 

9.  Heath,  R. , State  Variable  Model  of  Wind  Gusts,  Air  Force  Flight  Dynamics 

Laboratory,  AFFDL-FGC-TM  72-12,  Wright-Patterson  AFB,  Ohio,  July  1972. 

10.  Pollard,  J.,  Digital  and  Analog  Simulation  of  Linear  Stochastic 

Differential  Equations,  Air  Force  Flight  Dynamics  Laboratory,  AFFDl.-TM- 
75-35  FGD,  W’'ight-Patterson  AFB,  Ohio,  October  1974. 


117 


11. 


T 


Klelnman,  D.L.,  and  S.  Baron,  Analytic  Evaluation  of  Display  Require- 
ments for  Approach  to  Landing.  NASA  CR  1952,  Bolt,  Bcranek,  aud 
Newman,  November  1971. 


12.  -,  Dynamics  of  the  Airframe.  Northrop  Aircraft  Inc.,  BUAER  Report 

AE-61-4I1,  Bureau  of  Aeronautics,  Dept  of  the  Navy,  Septead>er  1952. 

13.  Gressang,  R.V.,  et  al,  A Low  Visibility  Landing  Pilot  Modeling 

Experiment  and  Data,  Air  Force  Flight  Dynamics  Laboratory,  AFFDL-TR- 
75-41-FGD,  Wrlght-Patterson  AFB,  Ohio,  December  1974. 


118 


i ^ 

; i 

I 

l i 


0 


■"1 


* N75 


DISCRETE  TIME  MODELIZATION  OF  HUMAN  PILOT  BEHAVIOR 

by  Doniel  CAVALLI  and  Dominique  SOULATGES 

Office  National  d' Etudes  et  de  Recherches  Aerospotioles  (ONERA) 

92320  Chatitlon  (France) 


SUMMARY 


This  modelization  starts  from  the  following  hypotheses  : pilot’s  behavior  is  a time  discrete 
process  ; he  can  perform  only  one  task  at  a time  ; his  operating  mode  depends  on  the  considered 
hight  subphase. 

Pilot’s  behavior  was  observed  using  an  electro-oculometer  and  a simulator  cockpit,  in  the  case 
where  the  vehicle  model  was  a simplified  Lunar  Module. 

A Fortran  program  has  been  elaborated  using  two  strategies.  The  first  one  is  a Markovian  pro- 
cess in  which  the  successive  instrument  readings  are  governed  by  a matrix  of  conditional  probabi- 
lities. In  the  second  one,  strategy  is  an  heuristic  process  and  the  concepts  of  mental  load  and 
performance  are  described. 

The  results  of  the  two  aspects  have  been  compared  with  simulation  data. 


INTRODUCTION 


A modelization  of  the  human  pilot  has  been  undertaken  at  ONERA.  Its  purpose  is  to  improve 
safety  in  flight.  This  goal  led  J.C.  Wanner  [ I]  to  this  classification  of  troubles  in  flight  : 

- perturbation  sensitivity  troubles, 

- handling  troubles( whenever  a correction  man'  uver  Induces  an  unexpected  deviation  on 
another  parameters), 

- pilotability  troubles  (whenever  pilot’s  workload  prevent.:  him  to  operate  : overload  or  under- 
load with  vigilance  loss).  • 

Perturbation  sensitivity  and  maneuverability  levels  can  be  evaluated  at  a very  early  stage 
(i.e.  : draft)  of  a new  aircraft  design.  However  its  pilotability  can  only  be  estimated  by  use  of  a 
flight  simulator,  which  often  means  that  it  is  quite  too  late  for  any  change.  This  is  why  we  hope 
to  be  able  to  test  pilotability  as  early  as  the  draft  phase  of  the  design. 

This  aim  implies  two  major  requirements.  On  the  one  hand,  the  robot  will  have  to  cope  with 
any  type  of  draft.  Therefore  it  will  have  lo  be  a learning  program.  On  the  other  hand,  as  pilotabi- 
liry  assessment  is  the  desired  result,  pilot  workload  has  to  be  mathematically  formalized. 

Following  J.C.  Wanner,  flight  may  be  divided  into  a sequence  of  ’’phases”,  the  aim  of  each 
phase  being  a **long  term”  aim.  Let  us  take  for  example  the  ”climbing”  phase  : starting  from  50  ft 
above  ground,  the  aircraft,  which  has  just  taken  of,  has  to  reach  its  cruising  altitude,  frdlowing 
a given  ground  path. 

Each  phase  itself  may  be  divided  into  a sequence  of  ’’subphases”,  the  aim  of  each  being  a 
’’short  term”  aim.  For  example  the  ILS-descent  phase  may  be  divided  into  the  following  sequence 
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of  subphases  : localizer  beam  cnga- 
gemcnt,  glide  beam  engagement, 

push  over  and  final  descent  [fig.  1].  ^wl/f  // 

For  each  subphase,  a nominal  v ^ 

flight  path  can  be  selected  by  the  purpou  otthc  ^ ^ r^j^W n 
pilot,  taking  into  account  atmos*  jLOfWsr  4 ^ -^irunrf  .nrarinj  J^T/f///n^ 

phere,  aircraft  and  pilot  status.  ^ 

the  objective  of  a subphase 

is  to  enable  correct  execution  of  ^^^m////////I^ 

the  following  subphase,  (short  term  Jn/W//jK  iJL3  APPROACH 

safety  concept),  this  objective  is  dua^ 

expressed  in  terms  of  constraints 
and  relations  upon  a subset  of 

flight  parameters  : the  nominal  flight  LAMDtNG  ffiAV. 

path  is  given  to  the  pilot  by  nominal 

values  of  these  parameters  which  are  itri/p  rmm  Jcmmmi 

called  here  ” principal  parameters”  of 

the  subphase.  We  have  111  nominal  c-  i a • • r l * 

^ . rig.  I • A mission  tor  the  human  pilot. 

values  of  principal  paramc^^ers  for  the 

final  descent  subphase  which  is  the  example  to  test  the  Fortran  program.  Nominal  values  for 
principal  parameters  and  related  admissible  deviations  are  therefore  selected  by  the  pilot  at  the 
beginning  of  the  subphase. 


iL5  APPROACH 
PHASE 


LANDING  PNASC 


VEHICLE  MODEL 

In  order  to  work  on  simplified  equations,  the  vehicle  model  selected  for  this  study  is  not  a 
plane  but  a simplified  Lunar  Module  so  chat  the  aerodynamics  effects  are  absent. 

The  vehicle  has  an  axial  thrust,  F being  the  thrust  level  and  mg  its  weight. 


p-«Cp.€i 


XI  9 


r.Cr.Sfi 


Fig.  2 • Simulated  vehicle. 


Oxyz  is  an  inertial  reference  frame,  Oz  positive  ilo’vnwards,  ILS  beam  being  in  the  xOz  plane, 
y and  z reprc.sent  lateral  and  vertical  deviations  from  the  ILS  beam,  Vo  is  the  desired  velocity. 
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* vehicle  frame  where  0 is  the  yaw  angle,  (9  the  pitch  angle,  ♦ the  roll  angle.  81,  5m, 
5n  directly  control,  p,  q,  r velocities  through  controls  efficiencies  Cp,  Cq,  Cr, 
p,  q,  r being  roll,  pitch  and  yaw  velocities  in  Gx  j y ,2  j axis. 

For  the  altitude  control,  an  automatic  pilot  is  used  which  makes  it  possible  to  directly  select 
i.  from  the  throttle  5z,  through  the  F thrust  and  taking  into  account  a given  time  constant  r. 


HYPOTHESES  AND  EXPERIMENTATION  APPARATUS 

In  this  presented  we  did  not  use  classical  assumptions  of  the  continuous  pilot  represented  by 
transfert  functions,  we  adopted  another  approach  of  a discrete  behavior. 


Human  pilot  behavior 


The  analysis  of  human  pilot  behavior  shows  that  the  pilot  collects  trajectory  and  immediate 
security  data  such  as  aircraft  position,  altitude,  etc..  These  data  are  accessible  to  the  crew  by 
various  means  : 

• some  of  them  can  be  read  on  the  display, 

• others  are  directly  accessible  to  the  pilot  (for  example  : aircraft  position  with  respect  to 
landing  strip  when  possible). 

All  these  informations  are  collected  by  different  sensors  : eyes,  ears,  arms,  legs,  etc. 

Eyes  are  double  sensots  : the  central  vision  collects  few  but  precise  data  while  the  peripheric 
vision  collects  numerous  but  not  precise  data. 

From  these  elements  an  interpretation  of  human  pilot  behavior  has  been  proposed  by  ).C. 
Wanner  [1], 

One  datum  collected  by  a sensor  is  used  if  and  only  if  the  brain  asks  for  the  information^  This 
means  that  collecting  simultaneoi-.sly  several  informations  is  impossible,  the  brain  asking  only 
one  or  another  at  one  time.  Collected  data  are  transmitted  to  the  brain  which,  either  by  direct 
comparison  with  known  situations  or  by  computation  using  memorised  programs,  comes  up  to  a 
decision. 

This  decision  can  be  : 

• to  call  for  a new  information, 

• to  act  on  one  control, 

- to  wait. 

The  pilot's  behavior  is  a time  discrete  process  ; he  can  perform  only  one  task  at  a time  : 
instrument  reading,  decision  making  or  action  on  one  control. 

For  this  study  wc  shall  exclusively  take  into  account  the  central  vision,  which  means  that 
only  one  sensor  will  be  used  to  collect  informations  from  the  display  board. 


Simulator  cockpit 


The  requirement,  for  this  study  of  knowing  at  any  time  which  information  is  sought  by  the 
pilot  has  imposed  the  realisation  of  a somewhat  peculiar  display  board.  Some  of  the  instruments 
have  been  split  into  several  parts  in  order  to  associate  only  one  information  to  a line  of  sight. 
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(For  example  : for  ILS,  the  two  informations  have 
been  separated).  The  electro«oculometer  (EOM), 
which  detects  the  eye's  position  in  his  orbit, 
enables  us  to  know  the  line  of  sight  on  the  condi* 
tion  (hat  the  various  instruments  are  sufficiently 
far  apart.  As  a consequence,  the  display  board 
must  be  of  relatively  large  size. 

This  display  board  includes  seven  dials  rela* 

. -H  to  the  final  descent  subphase. 

yaw  indicator  0,  roll  indicator  4,  pitch  indica* 
tor  6 ; 

• two  instruments  resulting  from  the  ILS  split : 
altitude  deviation  indicator  z,  lateral  deviation 
indicator  y ; 

• a speed  indicator  V,  an  altimeter  h. 


The  simulator  cockpit  includes  also  a scat 
four  controls  ; 51  : lateral  control,  5m  ; longitu- 
dinal control,  5n  : rudder  control,  5z  : trottle. 


EOM  equipment 


Eye  motion  can  be  followed  with  an  EOM  equipment  which  includes  seven  electrodes  an 
box  with  battery  and  amplifiers.  EOM  measures  voltages  which  are  function  of  the  relative  posi- 
tion of  the  eyes  with  respect  to  the  skull 

EOM  signals  are  plotted  into  two  y.raphs  ; one  corresponds  to  vertical  eye  displacement,  the 
other  to  horizontal  displacement.  In  both  cases  the  measured  voltage  is  proportional  to  the  sine 
of  eye  rotation  angles.  Analysis  of  the  two  plots  provides  the  identification  of  the  dial  read  at 
any  time. 


EXPERIMENTATION 


As  a first  experimental  step,  the  simulated  vehicle  has  been  piloted  by  about  ten  (human) 
subjects.  For  this  experiment,  they  did  not  know  the  meaning  of  each  indicator  or  control.  The 
only  instruction  they  had  was  to  set  to  zero  deviations  on  the  principal  parameters  indicated  to 
them. 
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As  soon  as  they  were  able  to  perform  this,  they  were  asked  to  explain  by  a graph  how  they 
thought  tl  vehicle  was. 

Each  of  them  explained  his  operating  insight  in  terms  of  differentiation  relations  betwee.' 
parameters  and  between  parameters  and  controls. 

Then  a second  group  of  four  subjects  was  selected.  After  a learning  phase  with  tutor  30  ques- 
tions were  put  to  them  [fig.  41.  The  question  was  : "Hnw  to  set  the  speed  indicator  to  the  right 
position  Vo  ?".  The  answer  interpretation  is  given  in  terms  of  differential  relations.  These  rela- 
tic.ns  obviously  agree  well  with  linearized  equations  of  motion  [fig.  5]. 
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Fig,  5 • Operating  Insight  (z). 


Tne  result  of  the  quescionary  for  four  subjects  was  expressed  in  terms  of  ratio  of  answers 
agreing  with  linearized  equations  to  total  number  of  possible  answers.  These  ratios  are  high. 
Therefore  the  robot  will  be  able  to  use  the  linearized  equations.  Note  that  there  is  no  coupling 
between  these  four  families  of  parameters. 


Levels  in  operating  mode 


Previous  studies  have  led  to 
the  classification  into  three  acti* 
vity  levels  in  the  pilot's  behavior. 
This  classification  is  only  a wor- 
king  hypothesis  which  seem<:i  close 
to  the  observed  reality. 
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Fig.  6 • Levels  in  operating  mode. 
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Data  processing 
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The  first  data  processing  consisted 
into  a reduction  into  tactics  of  t«pe-  recorded 
actions  on  controls  and  EOM  sign^.!s. 

For  example,  tactics  on  l?*:eral  devia* 
tion  y,  altitude  deviation  z,  and  speed 
V can  be  seen  on  the  figure  7. 

As  a second  step,  mean  fixation 
time  on  indicators,  sequences  of  fixa- 
tion reading,  indicators  frequency, 
deviations  on  principal  parameters 
and  action  laws  on  controls  were  mea- 
sured. 

Fig.  7 • Subdivision  into  tactics. 
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MODELUATION 


Program  description 


A robot  program  description  is  shown  on 
the  figure  8 where  we  can  see  the  three 
levels  of  actions  : strategy,  tactics,  elemen- 
tary actions. 

After  initializations,  the  robot  selects, 
using  a strategy  logic,  a tactics  to 
be  executed,  that  is  a parameter  correc- 
tion algorithm  or  the  reading  of  an  indica- 

toi. 

I'hrii  It  (*N|>ands  sclc.  jd  tactics  into 
a .sequence  of  elementary  actions,  which 
are  executed  : read  an  indication,  wait, 
act  on  control. 

In  fact,  while  the  robot  is  waiting,  it 
can  begin  chc  execution  of  another  tactics 
before  the  end  of  this  waiting  period, 

1'he  numbc*r  of  memorized  actions  to  be 
executed  is  considered  as  a memorization 
load  indicator. 


no 
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Fig.  8 • Progrom  execution. 
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Time  increment  dT  induces  on  the  one  hand  a change  in  the  robot’s  memorized  situation 
according  to  the  linearized  equations  (operating  insight),  and  on  the  other  hand  a change  in  para* 
meter  values  according  to  exact  equations  of  motion. 

This  progrr  has  been  run  using  two  different  strategics.  The  first  one  is  a Markovian  strategy, 
the  second  one  a heuristic  strategy.  These  two  aspects  will  be  described  after  the  tactics  pre- 
sentation. 


Correction  tactics  modelization 


A unique  algorithm  is  used  for  all  parameters.  This  is  possible  because  each  integration  level 
is  apparent,  there  is  no  damping  and  no  coupling  between  families  of  parameters  in  the  operating 
insight. 

Then,  to  set  any  parameter  x to  desired  value  x^,  the  sequence  of  elementary  actions  is  the 
following  : 

• read  x, 

- compute  = Xjj  - 

- compute  XpCA  x)  (control  law), 

- set  (recursively  by  the  same  algorithm)  x to  Xp, 

- wait  until  x is  near  Xq, 

• set  (recursively)  x to  zero, 

- read  x to  know  whether  the  correct  result  is  obi*.?nec  or  not. 

Modeling  of  the  Markovian  strategy 

For  this  strategy,  reading  of  instruments  depends  upon  two  random  processes  as  far  as  nume- 
rical simulation  is  concerned.  The  sequence  of  looked  up  dials  is  regarded  as  a Markov  chain  and 
the  time  interval  between  two  successive  readings  is  governed  by  a Poisson  process. 

The  sequence  of  looked  dials  is  governed  by  a mar*‘ix  of  conditional  probability  ro  read  on 
instrument  after  another.  This  matrix  is  called  here  switch  matrix.  After  every  instrument  reading, 
the  value  of  a random  variable  determines,  taking  the  switch  matrix  into  account,  which  dial  will 
be  read  next.  This  process  is  called  switch  law. 
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Reading  of  the  dials  has  a variable  rythm  which  obeys  to  a law  of  Poisson,  Mean  Time 
Between  Switches  being  noted  MTBS.  This  time  interval  corresponds  to  the  iooking-lime  necessary 
to  the  simulated  pilot  to  acquire  one  datum. 

As  regards  parameters  y and  z it  is  necessary  to  evaluate  their  derivatives  in  order  to  elabo- 
rate an  order.  For  this  purpose,  a second  reading  immediately  follows  the  first,  thus  enabling  a 
finite  difference  derivative  computation.  The  time  interval  between  the  two  readings  obeys  to  a 
law  of  Poisson,  Mean  Time  Between  Reading  being  noted  MTBR. 

Let  us  come  back  to  the  switch  process,  which  we  said  to  be  random.  This  is  not  always  the 
case,  as  whenever  one  or  several  parameters  exceed  or  have  already  exceeded,  at  reading  time  t, 
the  respective  preassigned  levels,  a deterministic  process  is  used. 

If  only  one  parameter  is  in  violation  the  switch  matrix  is  temporarily  modified  so  s to  read 
the  corresponding  dial  next. 

If  I ^ > , l^tiCS  switch  matrix 

If  several  parameters  are  simul-  u .Al  x,< 

taneously  in  the  red,  several  dials  ^ 

are  in  competition  : the  detected  /"i ' y ]' 

one  corresponds  to  the  one  having 
the  highest  probability  of  reading 
in  the  initial  switch  matrix. 
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The  following  phenomenon  can 
be  observed  when  using  such  a 
policy  : the  simulated  pilot  con- 
centrates upon  one  parameter, 
letting  others  shift  and  diverge.  j 

This  behavior  is  confirmed  by  ex- 
perience on  human  pilots  whenever  2 
a parameter  goes  off-bound,  his  NiMf  aUim  ION 

attention  usually  goes  to  the  cor-  P'9-  10  - Morkovion  strotegy. 

reloading  dial^  as  his  peripheric 

vision  enables  him  to  simultaneously  and  approximately  monitor  all  other  dials  ; whenever  seve- 
ral parameters  simultaneously  diverge,  a human  pilot  takes  first  care  of  the  one  which  he  thinks 
has  a priority  and  meanwhile  let  others  shift  away. 

The  switch  matrix  has  been  experimentally  elaborated  using  the  simulator  cockpit  and  the 
EOM  equipment,  in  the  final  descent  subphase  case. 


Fig.  10  - Markovian  strotegy. 


Heuristical  stragety 


The  robot  has  no  access  to  the 
real  shape  and  real  situation  of  the 
vehicle.  Its  operating  insight  is  only 
in  agreement  with  linearized  equa- 
tions of  motion. 

The  robot  has  a double  task  : 

- overlooking  the  display, 

- acting  in  order  to  keep  the  subphase 
principal  parameters  within  their 
admissible  range  around  the  nomi- 
nal vehicle  flight  path. 
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Fig.  11  • Heuristical  strotegy  ; choice  of  a tactic. 
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From  admissible  deviations  the  robot  computes  strained  deviations  on  principal  parameters. 

It  is  then  possible  for  the  robot  to  compute  an  "instantaneous  seriousness  index".  This  index  is 
the  sum  of  two  terms  ; 

• the  first  one  is  the  maximum  ratio  over  principal  parameters  of  estimated  deviations  to 
strained  deviations  ; 

* the  second  one  gives  an  idea  of  misinterpretation  of  the  actual  situation  using  standard 
deviation  of  a Brownian  motion.  Positive  hx  represents  the  importance  of  x indicator  reading. 

Misinterpretation  grows  with  elapsed  time  since  last  reading  time  since  last  reading  time  of  indi- 
cator. 

These  hx  and  strained  deviations  have  been  experimentally  computed  during  the  experimental 
phase. 

Let  So  be  the  memorized  situation  within  the  operating  insight  at  time  to..  The  robot  can  then 
use  linearized  equations  of  motion  to  obtain  predicted  situation  SI  at  time  tl  = tO  + Atl. 

This  prediction  may  be  a conditional  prediction.  The  robot  is  able  to  imagine  that  during  the 
time  Atl  it  will  execute  tactics  K setting  to  zero  the  deviation  on  parameter  x. 

Then,  situation  S*1  is  identical  to  SI,  except  for  x which  is  now  corrected  and  we  have  to 
read  the  indicators  used  by  K at  time  tl. 

Now,  we  are  going  to  see  how  the  robot  uses  these  notions  of  seriousness  and  prediction  in 
order  to  select  the  "best”  tactics  to  be  executed  at  anytime^  Its  choices  are  aimed  at  preserving 
short*term  safety. 

The  robot  is  able  to  unfold  a tree  in  which  : 

• root  is  an  estimated  status  (of  operating  insight)  at  the  present  time. 

• other  nodes  are  predicted  situations, 

- arrows  are  heuristically  pre-selected  tactics. 

Instantaneous  seriousness  index  can  be  computed  at  each  node. 

Considering  a constant  predicted  situation  during  time  Atl  elapsed  from  I*s  predecessor 
until  1,  the  robot  can  compute  short-term  evaluation  of  any  path  from  the  root  to  any  terminal  node 
by  weighting  with  a function  of  elapsed  time  the  inverse  of  instantaneous  seriousness  indices. 

The  path  corresponding  to  the  best  evaluation  can  then  be  selected  and  tactics  related  to  the 
first  arrow  can  be  executed. 

Short  term  evaluation  is  then  used  to  compute  a strain  coefficient  defining  the  work  speed  of 
the  robot  (i.e.  control  laws,  mean  fixation  time).  This  strain  coefficient  is  constant  upon  the  next 
short-term  evaluation  (using  the  strategy;. 
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Fig.  12  - Hturisticol  strogegy  : 
dacision  lood. 


m 


1 


I 


1 


Following  Kalsbeek  [2],  a decision  load  measure  can  be  taken  as  the  informative  cost  of 
selection.  Let  the  root  probability  be  equal  to  1,  For  every  other  node,  the  conditional  probability 
for  this  node  starting  from  its  predecessor.^  can  be  defined  as  : 

p oil)  = 

1 e(L) 

LfPa) 

we  can  then  use  the  Questionary  Theory  [31  and  define  : 

• the  cost  of  a question, 

• the  cost  of  an  I>root  questionary, 

- the  cost  of  a questionary  ; 

the  weighted  sum  of  these  costs  upon  the  time  gives  a measure  of  decision  load. 


IDENTIFICATION 


The  numerical  identification  method  is  a weighted  least  mean  square  one,  in  which  the  mini* 
mized  residual  is  the  one  between  responses  of  simulated  and  human  pilots. 

In  order  to  simplify  this  problem,  various  parameters  of  the  numerical  model  have  first  been 
hand  adjusted  in  order  to  obtain  a rough  coincidence  between  the  two  responses.  An  inreractive 
graphic  display  has  been  used  for  this  purpose.  Both  responses  were  visually  compared  and  para* 
meters  interactively  adjusted. 

As  an  example  let  us  take  lateral  piloting  responses  of  numerical  and  human  pilots  (fig.  13). 

A good  coincidence  is  obtained  during  the  first  13  seconds  corresponding  to  an  important 
effe  :t  on  parameter  y.  Responses  diverge  after  this  interval  of  time  but  both  of  them  are  oscilla* 
ting  aivund  zero. 

A numerical  identification  of  responses  has  been  carried  out  for  the  Markovian  strategy  program. 


Mathematical  medal  Human  pilot 
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Note  the  non-coincidence  in  time  of  human  and  simulated  pilot  actions  on  controls.  Neverthe- 
less parameter  responses  dotonver^^e  after  some  time. 

Deviations  seem  important,  but  this  is  due  to  the  fact  that  human  and  simulated  pilots  do  not 
perform  the  corrections  in  the  same  order. 


CONCLUSION 

A numerical  model  of  a human  pilot  behavior  has  been  elaborated  for  the  case  of  a simplified 
Lunar  Module.  In  a first  approach  the  pilot's  strategy  is  regarded  as  a Markovian  process,  taking 
into  account  preassigned  bounds  on  parameters.  In  a second  approach  the  pilot’s  strategy  has  been 
modeli^ed  by  the  evaluation  using  the  graph  of  predicted  situations. 

This  program  has  been  developed  using  the  following  basic  ideas  : 

ihe  pilot's  behavior  is  a time-discrete  process  ; he  can  perform  only  one  task  at  a time  (ins- 
trument reading,  decision  making,  action  on  one  control,  etc.);  his  operating  mode  depends  on  the 
considered  flight  subphase. 

The  program  has  fruitfully  been  checked  against  results  of  simulation  using  human  pilots. 

Contemplated  follow-ons  for  this  study  include  modeling  of  other  flight  subphases  and  other 
vehicles.  The  final  and  ambitious  objective  is  to  develop  a general  program,  non-specific  to  a 
subphasc  nor  to  a vehicle. 
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ABSTRACT 


A general  formulation  of  human  decision  making  in  multi-task  situations 
is  presented.  It  includes  a description  of  the  state,  event,  and  action 
space  In  which  the  multi-task  supervisor  operates.  A specific  application 
to  a failure  detection  and  correction  situation  is  discussed  and  results  of 
a simulation  experiment  presented.  Issues  considered  include  statis  vs. 
dynamic  allocation  of  responsibility  and  competitive  vs,  cooperative 
intelligence. 


INTRODUCTION 


In  many  systems,  the  human  decision  maker  (DM)  has  responsibility  for 
the  simultaneous  completion  of  several  tasks.  The  DM's  involvement  in  this 
multi-task  situation  may  range  from  direct  performance  of  all  tasks  to  super- 
vision of  humans  and/or  machines  who  actually  perform  the  tasks.  In  many 
cases,  the  DM's  role  falls  somewhere  between  these  extremes. 

Realistic  examples  of  multi-task  situations  include  piloting  an  aircraft 
where  the  human  can  be  an  integral  part  of  the  control  loop,  yet  only  a moni- 
tor or  supervisor  of  several  other  loops.  Another  example  is  the  monitoring 
of  industrial  processes  where  the  DM  sits  in  a control  room  watching  indica- 
tors of  the  states  of  the  various  processes  being  performed. 

There  are  two  classes  of  problems  in  such  multi-task  situations  that  are 
especially  interesting  to  researchers  in  man-machine  systems.  One  class  con- 
cerns the  workload  placed  on  the  DM.  This  workload  increases  with  number  f 
tasks,  rate  of  performance,  lack  of  similarity  among  tasks,  and  the  DM's  in- 
volvement with  the  individual  tasks.  If  the  level  of  the  DM's  direct  Invulve 
ment  with  Individual  tasks  can  be  decreased  then  the  number  of  tasks  can  be 
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increased  without  an  Increase  in  workload. 

As  the  DM  becomes  more  of  a supervisor,  another  interesting  class  of 
problems  becomes  significant.  At  any  given  time,  the  DM  must  choose  whether 
to  continue  monitoring  or  supervising  all  tasks  or,  to  divert  his  attention 
to  one  particular  task.  His  motivation  for  diverting  his  attention  may  be 
that  he  feels  some  malfunction  to  have  occurred  or  some  desired  state  achieved. 
The  problem  faced  by  the  DM  is  that,  when  he  diverts  his  attention  to  a par- 
ticular task,  he  necessarily  must  ignore  the  remaining  tasks  and  therefore  may 
miss  some  interesting  events.  The  DM  could  be  aided  in  this  situation  if 
there  were  some  method  for  performing  his  overall  duties  while  his  attention 
was  diverted.  If  an  interesting  event  was  detected,  the  DM  could  be  notified 
or,  if  the  abilities  of  the  method  were  sufficient,  decisions  might  be  made 
without  having  to  alert  the  DM, 

Any  system  that  can  successfully  make  decisions  that  would  normally  be 
made  by  the  DM  can  be  called  an  "intelligent"  system.  Any  realization  of 
such  a system  would  most  likely  be  in  terms  of  computer  hardware  and  software. 
There  are  several  interesting  questions  that  arise  when  we  consider  human  in- 
teraction wi.;h  an  intelligent  computer  in  multi-task  situations. 

One  especially  Interesting  question  concerns  how  Intelligent  the  com- 
puter would  have  to  be  to  yield  significant  'senaflts  in  the  multi-task  situa- 
tion. In  fact,  the  computer  can  utilise  mther  poor  decision  making  proce- 
dures and  still  be  of  value.  The  reason  is  that  if  the  computer  were  not 
performing  the  tasks  the  DM  is  ignoring  (because  he  has  diverted  his  atten- 
tion to  a particular  task),  those  tasks  would  not  be  performed  at  all.  In  a 
later  section  of  this  paper,  we  will  return  to  this  point. 

The  other  Interesting  questions  center  around  how  to  interface  the  DM 
with  an  intelligent  computer.  How  should  responsibilities  be  allocated?  What 
are  the  benefits  and  disadvantages  of  dynamic  allocation?  What  are  the  ef- 
fects of  the  DM's  confidence  in  the  computer  and  the  feedback  he  receives 
about  the  computer's  decisions?  How  should  conflicts  between  the  DM's  deci- 
sions and  the  computer's  decisions  be  resolved?  Or,  in  other  words,  how  can 
"competitive  Intelligence"  be  avoided  and  "cooperative  intelligence"  be 
promoted? 

The  purpose  of  this  paper  is  to  discuss  the  above  issues  in  the  context 
of  some  specific  examples.  We  will  proceed  by  first  considering  related  work 
appearing  in  the  literature.  Next,  a g:ineral  formulation  of  the  multi-task 
situation  will  be  proposed.  This  is  followed  by  an  application  of  this  formu- 
lation to  a failure  detection  and  correction  situation.  Finally,  we  comment 
on  some  of  the  general  issues  throughout  the  paper. 


RELATED  RESEARCH 


Licklider  has  given  us  a general  feeling  for  task  allocation  in  man- 
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computer  systems  [1]  and  his  discussion  of  information  retrieval  systems  of 
the  future  illustrates  specific  applications  of  the  ideas  [23.  While  Lick- 
lider's  work  has  not  solved  all  the  problems  in  designing  man-computer  systems, 
his  ideas  appear  to  have  motivated  and  affected  ensuing  research  efforts. 

Closely  related  tc  the  topic  of  this  paptr  is  the  supervisory  control 
ideas  of  Sheridan.  His  paper  with  Ferrell  [3]  considers  many  of  the  issues 
arising  when  man  and  computer  interact  to  perform  a single,  possibly  remote, 
task.  While  Sheridan's  work  on  supervisory  sampling  [4]  and  allocation  of 
personal  presence  [5]  is  oriented  toward  single-task  situations,  the  super- 
visor paradigm  almost  necessarily  implies  multi-task  situations  once  we  suffi- 
ciently understand  single-task  performance. 

Of  a more  specific  nature  is  Sender's  information  theory  approach  to 
modeling  human  multiple- instrument  monitoring  [6]  and  Carbonell's  queueing 
theory  approach  to  the  same  problem  [7].  Carbonell's  priority  queueing  model 
relates  to  our  later  discussion.  While  these  authors  were  dealing  with  multi- 
task situations,  neither  considered  the  issues  involved  when  a computer  moni- 
tors the  instruments  that  the  DM  is  not,  at  the  moment,  considering. 

While  there  is  a great  deal  of  literature  that  has  implications  for  the 
design  of  man-computer  systems  [3],  there  is  very  little  that  considers  inter- 
action with  intelligent  computers  in  the  sense  that  we  defined  intelligence 
earlier.  Thomas  and  Pritsker  [9]  considered  an  instrument-nulling  task  where 
decision  making  responsibility  was  transferred  between  man  and  computer  via  a 
"manual"  light  telling  the  DM  to  take  over  the  task.  Corcoran  and  his  col- 
leagues [10]  looked  at  man-computer  cooperation  in  the  classification  of 
sonar  signals.  In  this  case  the  computer  displayed  its  decision  which  the  DM 
then  incorporated  with  his  own  decision  to  reach  a final  choice.  One  espe- 
cially interesting  result  was  that,  when  the  computer  was  very  good  at  this 
classification  task,  the  DM's  portion  of  the  performance  degraded.  This  would 
'^i^pear  to  have  serious  implications  in  an  operational  system  when  the  com- 
puter malfunctions. 

Freedy's  work  [11,12]  speaks  directly  to  human  Interaction  with  intelli- 
gent machines.  While  he  has  dealt  with  single- tasks,  these  tasks  have  been 
multi-dimensional  and  the  issues  he  raises  are  similar  to  some  of  those  dis- 
cussed in  this  paper.  As  with  Thomas  and  Pritsker,  he  transfers  responsibil- 
ity between  the  DM  and  the  computer  via  a single  light.  His  emphasis  has 
been  on  intelligent  systems  that  "learn"  by  watching  the  DM  and  then  can 
successfully  perform  the  task  without  the  DM's  assistance. 

Rouse  [13]  considered  the  DM  in  data  smoothing  tasks  and  suggested  that 
the  resulting  model  could  be  used  to  aid  the  computer  in  gaining  an  under- 
standing of  the  task  whereupon  it  could  assume  responsibility  and,  transfer 
control  back  to  the  human  if  it  lost  confidence.  The  interesting  possibility 
here  is  that  the  computer  could  perform  the  task  much  better  than  DM  because 
the  computer  would  attempt  to  separate  that  portion  of  the  DM's  output  that 
is  useful  from  that  portion  attributable  to  the  DM's  suboptimality.  However, 
this  approach  has  not  yet  been  reduced  to  practice. 
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GENERAL  FORMULATION 
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In  this  section,  we  will  mathematically  describe  the  multi*task  situa- 
tion. Such  a formulaticn  will  hopefully  allow  us  to  compare  the  DM’s  perform- 
ance to  optimal  performance  and  perhaps  study  any  systematic  variations.  Also, 
discussion  of  a possible  mathematical  formulation  will  ease  the  transition 
from  verbal  generality  to  specific  examples. 


Consider  the  multi-task  situation  as  involving  N processes.  Some  of 
these  processes  may  involve  control  tasks  for  the  DM  while  others  may  involve 
mostly  monitoring.  Each  process  is  characterized  by  a state  vector 


% “ ^*11’  *12’  *1M^^ 

and  the  entire  state  space  is  characterized  by 


(1) 


X “ (2Li»  *2»  • • • » 2%)^* 

While  we  usually  think  of  state  variables  as  quantifiable  measures  such  as 
velocity,  heading  angle,  ef";. , in  many  circumstances  it  may  be  appropriate  to 
think  of  a state  variable  as  indicating  the  presence  or  absence  of  some  pat- 
tern or  some  social  situation. 


We  will  denote  the  DM's  observation  of  the  state  space  by  Z.  The  obser- 
vation Z is  differentiated  from  the  state  X to  reflect  possible  partial  and/or 
noisy  observations.  Upon  obtaining  an  observation  Z,  the  DM  must  decide 
whether  he  should  continue  to  observe  or  should  divert  his  attention  to  proc- 
ess i.  His  motivation  for  diverting  his  attention  to  process  i is  based  on 
his  perception  of  the  possibility  of  some  event  of  set 

-i  ■ ^®il’  ®12’  •••’  ®1L^^ 


having  occurred  that  requires  an  action  of  set 

^ " <«il‘  *12 ®1K^>- 

His  observation  Z leads  to  estimates  of  the  form 

p(e^lZ)  • P(e^j,  e^2 ®1L^I-^ 

and  he  must  trade  off  the  cost  of  ignoring  this  information  against  the 
cost  of  ignoring  N-1  processes  while  he  implements  some  action  of  set  a.. 


The  costs  of  not  monitoring  the  N-1  processes  depends  on  what  events 
may  occur  over  the  interval  of  interest.  Denoting  t as  the  time  until 

ij 

f.e  next  occurrence  of  event  e, . and  t as  the  vector  of  event  times 

IJ 

associated  with  process  i,  then  f^(t^|Z)  is  the  joint  probability  distribu 
tlon  of  event  times  for  process  i conditioned  on  the  observation  Z.  Then, 
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f(*  Id  • . t , t |Z)  (6) 

is  the  joint  distribution  of  event  times  for  all  processes.  Based  on  (5), 
note  there  is  possibly  a significant  probability  of  having  event  times  equal 
to  zero  for  events  that  have  already  occurred.  Also  note  that  this  distribu- 
tion as  others  to  be  mentioned  may,  in  general,  have  time  dependencies,  but  we 
have  ignored  them  in  this  discussion. 


The  interval  of  Interest  is  probabilistic  and  related  to  the  time  requir- 
ed to  implanent  the  desired  action.  Denoting  t as  the  time  required  to 

perform  a^^j  and  ^ as  the  vector  of  action  times  for  process  i,  then  g^(t^|Z) 


is  the  Joint  probability  distribution  of  action  times  for  process  i condi- 
tio- jd  on  the  observation  Z.  And, 


g(-lZ)  - 

is  the  joint  distribution  of  action  times  for  all  processes, 
denotes  the  null  action  or  continued  monitoring. 


(7) 

In  (7),  t 


Determination  of  the  optimal  allocation  of  supervisor  attention  depends 
on  our  choice  of  cost  criterion.  There  are  numerous  possibilities  and  we  will 
not  advocate  any  particular  form.  However,  we  will  note  several  Interesting 
aspects. 

One  of  these  aspects  is  the  planning  horizon.  Given  a choice  between 
continued  monitoring  (action  a^)  for  a period  t^  and  diverting  attention  to  a 

particular  process  for  a period  t^  where  t^«t2>  and  assuming  that  actions 

once  initiated  cannot  be  preempted,  a cost  criterion  that  does  not  include 
effects  of  current  actions  on  future  costs  will  result  in  the  optimal  choice 
being  continued  monitoring.  This  results  because  actions  are  usually  imple- 
mented for  the  purpose  of  future  benefits  which  might  not  be  realized  within 
a short  horizon. 


Another  interesting  aspect  is  the  cost  associated  with  a false  alarm  in 
the  sense  that  diverting  attention  to  a particular  process  and  finding  that 
the  chosen  action  was  unwarranted  results  in  no  benefit  yet  still  incurs  costs 
due  to  ignoring  th.  char  N-1  processes.  In  this  case,  a "regrets"  type  cost 
function  might  be  appropriate  where  the  cost  of  a false  alarm  is  the  benefit 
that  might  have  been  gained  if  another  action  had  been  chosen. 

If  the  DM  can  continue  some  form  of  monitoring  even  while  he  has  diverted 
his  attention,  he  can  possibly  prematurely  terminate  one  action  to  implement 
another  action  with  greater  potential  benefits.  The  possibility  of  such  pre- 
emptive strategies  would  seem  to  greatly  affect  any  optimal  allocation  of  DM 
attention. 


To  illustrate  the  range  of  situations  to  which  this  problem  formulation 
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can  be  applied,  consider  the  college  senior  who  Is  completing  his  undergradu- 
ate studies  and  must  select  among  several  Job  r.f£ers,  graduate  school  opportu- 
nities, and  continued  monitoring  of  the  possibilities.  His  observation  Z may 
Include  salary,  job  description,  geographical  location,  climate,  etc.  The 
events  of  Inter c:3t  to  him  could  be  enjoyable  work,  salary  Increases,  promo- 
tions, marriage,  a home,  etc.  The  possibility  of  these  events  occurring  Is 
characterized  by  his  perc  jtion  of  f(*|Z).  The  time  necessary  to  act  with  re- 
spect to  any  of  the  processes  is  characterized  by  g(‘jZ).  Except  for  the  null 
action  of  continued  monitoring,  action  times  are  liable  to  be  of  the  order  of 
a year.  Also,  false  alarms  afford  very  high  penalties.  Thus,  the  above  fornni- 
lation  would  p. .edict  a student  choosing  a^  almost  indefinitely.  However,  this 
does  not  occur  iik'definitely  since  each  process  may  yield  another  event  which 
we  have  not  notea.  This  event  Is  the  rescinding  of  the  offer  or  opportunity. 

Combining  subjective  estimates  of  X.  f(- |Z),  g(«|Z)  and  cost  criterion 
parameters  such  as  planning  horizon  and  the  cost  of  false  alarms,  the  form>i> 
latlon  discussed  here  has  Interesting  possibilities  for  descriptive  modeling 
of  the  human  decision  maker.  However,  the  purpose  of  this  paper  Is  to  discuss 
human  Interaction  with  an  Intelligent  computer  In  this  multi-task  situation. 

A computer  could  aid  the  DM  In^several  ways.  It  could  observe  Inacces- 
sible states  or  filter  Z and  yield  X.  It  could  make  estimates  of  p(e^|Z),  1 • 

1,  2,  ...,  N or  calculate  expected  costs  for  alternative  ictlons.  However, 
such  tasks  require  considerable  knowledge  of  the  processes  and  probability  dis- 
tributions. Also,  such  aids  muld  not  be  considered  Intelligent  In  the  sense 
that  decisions  normally  allocated  to  the  human  were  being  performed. 

The  DM's  main  difficulty  In  the  multi-task  situation  Is  the  lack  of  time 
to  perform  all  tasks  adequately.  The  computer  Is  much  faster  than  the  DM  and 
can  perhaps  use  this  advantage  to  help  make  decisions.  We  will  use  an  example 
to  lllustrafs  the  benefits  and  difficulties  of  such  an  approach  to  aiding  the 
DM. 


AN  EXAMPLE  - FAILURE  DETECTION  AND  CORRECTION 


The  DM's  task  Is  to  monitor  N processes  looking  for  failures.  When  he 
detects  a failure,  he  diverts  his  attention  to  the  failed  process  and  corrects 
the  failure  unless  he  feels  the  cost  of  Ignoring  the  remaining  N-1  processes 
exceeds  the  potential  benefits  of  correcting  the  failed  process.  Failures  ar- 
rive randomly  and  Independently.  Thus, 

f(-|Z)  - fi(t^)f2(tg)  ...  (8) 

where  is  exponential  with  mean  Similarly,  the  time  to  correct  a 

failure  Is  random  and  Independently  distributed  yielding 

8(*lZ)  “ •“  *N^^a^ 

where  g. (t  ) Is  exponential  with  mean  or..  Assume,  for  the  moment,  that 
id  * 
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failures  unequivocally  present  themselves. 

This  task  can  be  formulated  as  a queueing  problem  in  a manner  similar  to 
that  of  Carbonell  [7].  If  we  further  assume  that  DM  can  sample,  at  no  cost, 
the  state  of  each  queue  at  the  end  of  each  service  epoch,  then  Cox  and  r.mith 
[14]  have  shown  the  optimal  strategy  to  be  to  correct  the  failure  with  highest 
C^/cr^  where  is  the  cost  per  unit  time  of  delaying  correction  of  the  failure 

and  the  criterion  function  is  expected  cost.  More  recently,  Harrison  [l^j  has 
considered  situations  where  future  costs  are  discounted.  In  this  case,  the 

optimal  policy  can  depend  on  the  6^,  1 « 1,  2 N as  well  as  the  holding 

costs  and  average  action  times. 

A more  realistic  example  is  one  where  failures  do  not  unequivocally 
present  themselves.  In  queueing  terms,  this  is  a situation  where  one  is  not 
sure  a customer  is  present.  The  author  is  not  aware  of  any  analytical  solu- 
tions to  this  problem.  Thus,  we  have  resorted  to  simulation  for  studying 
this  situation. 

The  simulation  situation  was  as  follows.  The  DM  was  monitoring  N 
discrete  time  series  which  were  generated  using 

Xj^(k  + 1)  ■ 0Xj^(k)  + Wj^(k  + 1),  i * 1,  2,  . . . , N (10) 

where  0 < 1 and  w is  a zero-mean  Gaussian  white  process.  The  processes  were 
completely  independent  of  each  other. 

Failures  arrived  randomly  with  average  Interarrival  time  of  6 and  were 
uniformly  distributed  across  processes.  When  a failure  occurred,  the  input  to 
the  failed  process  was  zeroed.  Thus,  the  manifestation  of  a failed  process 
was  its  state  asymptotically  approaching  zero. 

One  time  unit  was  required  to  observe  the  current  states  of  all  N proc- 
esses and  one  time  unit  was  required  to  correct  a failure  IT  the  DM  chose  to 
do  so.  Correction  was  taken  to  mean  shutting  the  process  off  for  diagnosis 
and  repair.  Thus,  false  alarms  also  resulted  in  a unit  of  downtime. 

The  objective  of  the  task  was  to  minimize  average  downtime  per  failure. 
The  DM  was  modeled  as  having  a perfect  knowledge  of  the  system,  0.  He  scanned 
his  displays  in  the  order  1,  2,  ...,  N.  Upon  observing  a failed  process,  he 
detected  the  failure  with  probability  p(e^|Z)  » P for  all  i.  He  then  correct- 
ed the  perceived  failures  in  the  order  in  ^ich  they  were  detected.  Upon  cor- 
recting these  failures,  he  then  returned  to  monitoring.  If  he  detected  no 
failures,  he  continued  monitoring. 

The  DM's  unaided  performance  is  summarized  in  Tables  I and  II.  Unless 
otherwise  noted,  all  simulation  results  are  based  on  » 1000  failures  and  3 
replications. 

Note  that  performance  degrades  as  N increases,  6 decreases,  and  P 
decreases.  The  N affect  is  due  to  the  fact  that  small  N,  with  6 constant,  re- 
sults in  queues  of  failures  forming  in  processes.  However,  downtime  does  not 
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Mean  Time 
Btv.  Failures,  6 

Probability  of  Detection.  P 

1.0 

0.9 

0.7 

1.58 

4.161 

4.463 

5.043 

(0.045) 

(0.052) 

(0.122) 

2.54 

3.466 

3.613 

4.022 

(0.038) 

(0.019) 

(0.030) 

5.52 

3.156 

3.300 

3.636 

(0.010) 

(0.019) 

(0.022) 

( ) - standard  deviation 


Average  Downtime  Per  Failure:  Unald'>d  Human  (N  • 10) 

Table  I 


Number  of 
Processes.  N 

Probabilitv  of  Detection.  P 

1.0 

0.9 

2 

2.568 

2.610 

2.791 

(0.010) 

(0.026) 

(0.035) 

5 

3.751 

3.799 

4.099 

(0.037) 

(0.088) 

(0.066) 

10 

4.161 

4.463 

5.043 

(0.095) 

(0.052) 

(0.122) 

( ) a standard  deviation 

Average  Downtime  Per  Failure:  Unaided  Human  (6  **  1) 

Table  II 


accumulate  any  more  rapidly  with  more  than  one  failure.  Also,  while  correc- 
tion time  increases  with  multiple  failures,  detection  time  decreases  because 
the  DM  can  detect  multiple  failures  slimaltaneously. 

In  designing  a computer  aid  for  DM  In  this  situation,  we  wanted  to  bal- 
ance the  computer's  speed  and/or  parallel  processing  advantages  over  the  human 
with  a commensurate  decrease  In  ability.  Thus,  the  detection  criterion  employ- 
ed by  the  computer  is  rather  crude.  The  computer  observes  Xj^(k)  and  Xj^(k  + 1) 
for  all  i.  If  successive  states  of  a process  satisfy 

|xj^(k  + 1)|  - |xj^(k)|<  0 (11a) 

x^(k  + l)x^(k)  > 0 (11b) 
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K times  in  a row,  a failure  is  reported.  Equations  (11)  utilize  only  the  idea 
that  the  states  of  a failed  process  asymptotically  approach  zero.  The  crite- 
rion employs  no  knowledge  of  the  system,  0.  To  compensate  for  this  disadvan- 
tage, the  computer  was  able  to  simultaneously  detect  and  correct  failures  in 
all  processes. 

The  computer’s  unaided  performance  is  summarized  in  Table  III.  Note  that 
the  best  value  of  K strikes  a balance  between  lOisses  and  false  alarms.  As  6 
increases,  the  computer  has  Increasing  difficulty  with  false  alarms  and  must 
increase  K to  avoid  them.  However,  this  results  in  large  delays  in  detection 
and  thus  performance  degrades  as  6 increases. 

Now  we  want  to  consider  the  DM  and  computer  performing  this  task  together. 
We  are  combining  a fairly  knowledgeable  but  slow  human  with  a computer  that  is 
a rather  poor  decision  maker  but  is  fast  and/or  a parallel  processor.  Note 
also  that  6 affects  their  respective  performances  in  opposite  ways. 

Ue  have  considered  four  levels  of  man-computer  interaction.  They  will 
first  be  discussed  in  general  and  then  we  will  note  the  performance  achieved 
with  each  type  of  Interaction. 

Case  1:  No  Cooperation 

In  this  case,  we  simply  allowed  both  decision  makers  to  operate  inde- 
pendently. Neither  received  any  feecback  about  what  the  other  was  doing.  In 
a sense,  they  competed  to  detect  and  correct  failures. 

Case  2:  Computer  Avoids  Conflicts  Without  Feedback 

Here  the  computer  avoided  becoming  involved  with  the  same  process  with 
which  the  DM  was  currently  involved.  However,  no  feedback  was  provided  to  the 
DM  about  what  the  computer  was  doing.  Thus,  they  only  competed  over  failures 
that  DM  has  not  yet  started  to  correct. 

Case  3:  Computer  Avoids  Conflicts  With  Feedback 

In  this  case,  the  computer  avoided  current  conflicts  as  in  Case  2,  but 
also  notified  the  DM  of  any  actions  taken  that  might  affect  the  DM's  choice 
of  actions  in  the  future.  Thus,  there  was  no  competition  in  this  case. 

Case  4:  Computer  Preempts  Human  Decisions 

Here  the  computer  would  preempt  the  human  from  making  any  decisions  that 
it  felt  confident  to  make.  It  then  shifted  the  DM's  attention  to  situations 
for  which  it  would  not  accept  responsibility.  It  was  assumed  that  the  com- 
puter knew  the  set  of  actions  planned  by  the  DM  and  could  preempt  any  of  this 
set,  leaving  the  remainder  for  the  DM. 

The  performance  resulting,  with  these  levels  of  interaction  is  summarized 
in  Table  IV.  All  results  are  for  5 replications  with  N ■ 10,  6-1,  and 
P - 1.0  unless  otherwise  noted.  Multiple  values  of  K are  shown  when  the 
average  downtime  per  failure  between  them  was  not  significantly  different  at 
least  at  the  0.10  level.  Other  entries  in  the  table  are  for  the  underlined 
values  of  K. 
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Mean  Time  Btv. 
Failures.  9 

Detection  Criterion, 

K 

1 

3 

5 

5 

6 7 

8 

1.58 

6.113 

4.074 

3.750 

3.774 

4.064 

(0.044) 

(0.061) 

(0.127) 

(0.053) 

(0.074) 

2.54 

5.539 

4.661 

4.580 

4.698 

4.935  

(0.145) 

(0.059) 

(0.038) 

(0.040) 

(0.056) 

5.52 

7.943 

6.865 

6.547 

6.441  6.608 

6.832 

(0.050) 

(0.096) 

(0.104) 

(0.187)  (0.059) 

(0.096) 

( ) ■ standard  deviation 

Average  Downtime  Per  Failure:  Unaided  Computer  (N  > 10) 

Table  III 


Computer 

Human 

Level  of 
Interaction 

0k 
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1 

5,  6 

3.808 

(0.038) 

0.456 

0.374 

0.544 

0.293 

2 

4.  5,  6 

3.744 

(0.016) 

0.297 

0.359 

0.703 

0.164 

3 

4,  5 

3.487 

(0.045) 

0.391 

0.736 

0.609 

0.000 

4(P  ■ 1.0) 

5,  6 

3.345 

(0.026) 

0.483 

0.517 

0.517 

0.000 

4(P  - 0.7) 

4.  5 

3.468 

(0.009) 

0.559 

0.509 

0.441 

0.000 

4(P  - 0.4) 

4 

3.586 

(0.076) 

0.789 

0.723 

0.211 

0.000 

4(N  - 5) 

h 4 

2.716 

(0.032) 

0.753 

0.354 

0.247 

0.000 

( ) " standard  deviation 


Average  Performance  for  Man«Computer  System 
Table  IV 
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Case  1 resulted  in  performance  slightly  worse  than  could  have  been 
achieved  by  the  computer  alone  while  Case  2 resulted  in  significantly  improved 
performance  that  was  not  significantly  different  than  that  possible  with  the 
unaided  computer.  This  improvement  was  mainly  due  to  fewer  false  alarms  on 
the  DM's  part  since  the  computer  avoided  conflicting  with  current  DM  actions. 
However,  this  did  not  avoid  having  the  current  computer  actions  conflict  with 
future  DM  actions.  This  was  avoided  in  Case  3 by  giving  feedback  to  the  DM 
concerning  the  computer's  actions. 

With  Cases  2 and  3,  tha  computer's  avoiding  conflict  with  the  DM  results 
in  the  DM  having  to  perform  more  of  the  corrections.  This  can  be  avoided  by 
having  the  computer  preempt  any  DM  actions  that  it  feels  competent  to  perform. 
We  see  that  this  results  in  improved  performance  as  well  as  fewer  corrections 
on  the  part  of  the  DM. 

As  the  DM's  probability  of  detection  P decreases,  decreasing  the  com- 
puter's detection  criterion  results  in  improved  performance.  The  computer 
makes  increasingly  more  corrections  as  P decreases. 

As  the  number  of  processes  N decreases,  the  computer's  detection  crite- 
rion is  also  lowered.  However,  this  is  somewhat  of  an  artifact  due  to  main- 
taining 6 constant  which  effectively  decreases  the  mean  time  between  failure 
per  process.  Increasing  the  mean  time  between  failure  per  process  will  dic- 
tate an  increased  K.  Decreasing  N while  maintaining  the  6 per  process  should 
also  require  an  increased  K since  the  DM  now  has  more  time  to  devote  to  each 
process.  However,  we  have  not  systematically  studied  any  of  these  effects. 


DISCUSSION  AND  CONCLUSIONS 


From  these  simulation  results,  we  can  see  that  the  computer's  speed  can 
significantly  aid  the  DM  even  though  the  computer's  decision  making  method  was 
crtide.  Not  only  was  system  performance  improved  but  the  workload  of  the  human, 
in  ^ms  of  corrections  per  failure,  was  also  decreased. 

However,  these  benefits  were  not  achieved  with  a static  allocation  of 
responsibility.  The  detection  criterion  K had  to  be  decreased  as  the  DM's 
detection  probability  decreased.  Similarly  an  increased  number  of  tasks 
would  seem  to  indicate  a decrease  in  K implying  that  more  load  is  placed  on 
the  computer.  Of  course,  to  achieve  this  the  computer  would  have  to  be  able 
to  monitor  the  DM's  performance  and  determine  what  he  was  doing  (i.e.,  how 
many  tasks  he  was  involved  with). 

We  also  found  that  the  level  of  interaction  in  terms  of  feedback  to  man 
and  computer  about  each  other's  actions,  is  important.  With  no  feedback, 
competitive  intelligence  results  and  performance  is  inferior  to  that  obtain- 
able without  the  interaction.  Increased  feedback  leads  to  cooperative 
intelligence  and  improved  performance. 
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How  might  such  feedback  be  provided?  Tlie  simplest  way  to  determine  what 
the  DM  is  doing  is  to  ask  him.  However,  this  presents  several  problems  not 
the  least  of  which  is  the  human  having  difficulty  articulating  what  he  is 
doing.  Also,  such  communication  might  become  a significant  portion  of  the 
DM's  workload.  Some  verbal  input  by  the  human  might  be  desirable  and  a 
limited  vocabulary  natural  language  input  seems  feasible  [16]. 

Another  approach  is  to  "watch"  the  DM  and  try  to  infer  what  he  is  doing 
and  what  he  is  planning  to  do.  A possibility  is  model  matching  and  using 
the  parameters  to  predict  perceptions  [17],  Then,  a kiiowledge  of  the  struc- 
ture of  the  task  would  be  necessary  to  predict  future  actions.  For  example, 
someone  who  perceives  a difficulty  in  a particular  process  is  likely  to  re- 
quest information  relevant  to  that  process  and  likely  to  select  actions  in 
the  set  associated  with  the  process. 

A third  possibility  is  to  use  physiological  measures  such  as  the  EEG  to 
predict  perceptions  of  events  [18].  This  would  appear  to  offer  tremendous 
advantages  with  respect  to  the  workload  on  the  DM  since  he  might  not  have  to 
overtly  comnunicate  with  the  computer. 

Considering  giving  feedback  to  the  DM  about  the  computer's  actions, 
there  are  also  several  possibilities.  Visual  displays  are  the  most  common 
forms  of  feedback,  but  there  is  a possibility  of  overloading  the  visual 
channel  and  thus,  visual  displays  may  have  to  be  limited  to  status  lights 
with  low  Information  transmission  rates. 

Auditory  displays  and  more  specifically  natural  language  systems  seem 
attractive  and  feasible  [16]  if  noise  problems  do  not  make  the  speech 
inaudible. 

Some  of  the  above  ideas  are  cu’  rently  being  Investigated  in  terms  of 
computer-aided  decision-making  for  flight  operations  [19].  In  this  situation, 
artificial  intelligence  programs  detect  and  correct  failures  in  the  aircraft 
fuel  supply/engine  subsystems.  The  pilot  simultaneously  attempts  to  control 
the  pl':ch  and  bank  of  the  aircraft  and  monitor  the  aircraft  subsystems.  In- 
formal experiments  with  this  system  showed  that  competitive  intelligence  was, 
potentially,  a serious  problem.  Some  feedback  on  computer  actions  was  pro- 
vided via  a series  of  status  lights,  but  more  feedback  seemed  necessary.  One 
current  effort  [17]  is  looking  at  real  time  model  matching  as  an  approach  to 
telling  the  computer  what  the  pilot  is  doing. 

From  the  results  discussed  here,  it  appears  that  a dynamic  allocation 
of  responsibility  between  man  and  computer  has  potential  benefits.  However, 
this  benefit  will  not  be  realized  if  appropriate  feedback  cannot  be  provided 
to  the  man  and  computer  without  overloading  the  human  with  additional  infor- 
mation. On  the  other  hand,  an  inappropriately  designed  interface  may  be 
worse  than  having  no  computer  aid  at  all. 
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A MODEL  FOR  SIMULTANEOUS  MONITORING  AND  CONTROL* 
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INTRODUCTION 

Mathematical  models  of  the  human  operator  have  been  concerned  primarily 
with  his  input/output  characteristics  and  his  adoptive  behavior  to  sudden  changes  in  the 
controlled  element  dynamics.  Newer  models  have  examined  the  ability  of  the  human  to 
detect  failures  when  acting  as  a monitor  (Reference  1).  However,  models  for  simul- 
taneous monitoring  and  control  (e.g.,  an  aircraft  pilot  flying  a split-axis  approach) 
ore  almost  non-existent.  Such  models  are  necessary  for  performing  pilot  task  alloca- 
tions and  for  coordinated  design  of  display  and  control  subsystems. 

Flight  test  results  of  simulated  instrument  helicopter  approaches  conducted  by 
the  Langley  Research  Center  (References  2-4)  hove  shown  the  following; 

# Constant  speed  approaches  can  be  mode  quite  comfortably  by  the  pilots; 

e Pilots  cannot  hover  on  situation  displays  alone; 

e Pilots  can  hover  with  a flight  director  display,  but  feel  uncomfortable 
because  they  do  not  have  enough  'time*  to  monitor  the  situation  displays. 

MODEL  DESCRIPTION 

The  proposed  model  is  based  on  the  above  facts  and  similar  results  reported 
elsewhere.  It  is  a lexographic  model  utilizing  the  optimal  control  representation  of 
the  human  operator  in  the  following  way:  The  human  gives  first  priority  to  the  control 
tasks  and  tries  to  control  the  system  to  a desirable  level  of  performance.  Monitoring 
is  then  performed  with  any  remaining  attention.  Thus,  for  a given  fraction  of  attention 
dedicated  to  the  control  task,  f^,  the  pilot  will  adopt  a control  strategy  to  minimize 
the  quadratic  performance  metric; 


•Research  sponsored  by  the  NASA  Langley  Research  Center,  Contract  NAS  1-13653 
to  Aerospace  Systems,  Inc.,  Burlington,  Massachusetts. 
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max 


where  a.  1$  the  rms  value  of  the  performance  varloble  X.  (state  element,  control 
input,  etc.)#  and  X>  •$  the  maximum  desirable  value  of  X..  The  attention  is 

^fTKIX  * 

allocated  among  the  available  displays  to  further  minimize  the  performance  metric# 


I.  e. 


where 


min(J  ) wrt  f 
c c* 


(2) 


f =y  f = control  workload 
c L c, 

f = fraction  of  attention  on  the  i^^  display  element  used  for  oontrol. 


Repeating  this  process  for  several  values  of  control  task  workload  f^  allows  one  to 
construct  a system  performance  vs.  worklood  curve,  as  Illustrated  for  two  systems  In 
Figure  1 . 


Figure  1 . System  Performance  vs.  Workload  for  Two  Levels  of  Automation. 
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A common  performance  level  ("A"  in  Figure  1)  is  chosen  fo  compare  all  systems. 
The  fraction  of  attention  available  for  monitoring  AVAIL^  '*  difference  between 
the  fraction  of  attention  required  to  control  to  this  performance  level  (f  oi:r\)t  ®f'd 
the  total  fraction  allowed  for  the  task  (f^Q^). 


MONITORING  MODEL  CONCEPTS 


The  previous  discussion  has  specified  the  metrics  for  conirol  task  workload  and 
performance  (f^  and  J^)  and  for  monitoring  workload  (f^)»  Several  candidates  for  a 
monitoring  performance  metric  and  attention  allocation  criterion  have  been  considered: 


Equal  Attention 


"M 


(3) 


where  n^  is  the  number  of  displays  used  for  monitoring.  This  is  equivalent 
to  residual  monitoring. 


Peak  Excursion  Monitoring 
f^  oc  PROB  ( ly.  I > ka.l 


(4) 


where  y.  is  the  displayed  quantity,  and  ka.  is  the  displayed  signal  l«vel 
which  captures  the  pilot's  attention. 

Generalized  Quadratic  Index 
m 

i=i  • 


where  the  Y;  ore  weighting  coefficients,  is  the  displayed  signal 

• * 2 • 

variance,  and  a^  is  the  error  variance  in  me  Kalman  estimate  of  y. . 

®i  ' 


DeperxJing  on  the  choice  of  y*/  the  attention  allocation  strategy 
min(J^)  wrt  f^ 


(6) 


is  optimal  for 
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• Instrument  Failure  Detection 

e Relative  Estimation  Errors 

e Performance  Assessment 

Consequently,  the  monitoring  performance  index  of  Eq«  (5)  wos  chosen  becouse 
of  its  generality,  as  well  as  its  duality  with  the  control  task  Index  of  Eq*  (1). 

mathematical  summary 

A brief  summary  of  the  mathematical  aspects  of  the  model  is  presented  below. 

A full  development  will  be  contained  in  a later  report  to  show  In  detail  the  duality 
between  monitoring  and  control . For  the  control  task,  the  dynamics  of  the  system 
state  X are  expressed  by  the  well  known  equation: 

X = Ax  + Bu  + Ew  (7) 

c 

with  observations 

y = Cx.  (8) 

The  optimol  control  cost  con  be  separated  into  two  parts,  one  which  depends  on  the 

fractions  rf  attention,  f : 

c • 

I 


where 


Jc  = j/  + tr  [L^r  l;i 


= dlag  (q^,^'^^)  Le^*^ 


(9) 


(10) 


L is  the  fe'-  Mck  control  gain  matrix,  t is  the  pilot's  perceptual  time  delay  (~0.2  sec), 
and  r (the  covariance  of  the  Kalman  Filter)  obeys  the  Ricotti equation 

0 = eA'  + Ar  + EWE'  - eC'v"’ce  (11) 

The  observation  noise  covariance  is  related  to  the  control  Fractions  of  attention  by 


V|  * p.  a./fg^  N. 


(12) 


where  p.  m 0.01  and  N.  is  the  random  Input  describing  function  for  indifference  thres* 
* * 2 

holds.  The  dependence  of  o;  on  f^  is  complicated  by  the  Ricotti  equation  constroint, 
ond  in  general 


0|  * g{L  , L ...) 

I C,  Cj 


(13) 
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The  monitoring  performance  index  is  almost  identical  In  form  to  Eq.  (9)  for  the 
cciitrol  performance  index,  i.e.. 


Jm  = V*  'c.Ec;i 


where 


C.  = <‘’<■9  C.' 


At 


(14) 


(15) 


yi 


and  the  covariance  of  estimation  errors  r obeys  the  same  Ricatti  equation  (11).  How- 
ever, the  observation  noise  variance  now  includes  the  monitoring  attention: 


V,  = Pi  »iH.  - N, 


(16) 


but  a.  and  f are  assumed  constant  when  minimizing  J with  respect  to  f^  . 

• ‘*i  Mi 

The  iterative  minimization  of  ar*d  ore  greatly  facilitated  by  the  following 
closed-form  expressions: 


V. 

3f 

f 

C| 

*^1 

"■’m  . 

V. 

s ' 

jJc.  « diag  [ G'  J e^''^  L^'  e^^  da  G ] 

^ ^ 0 


'17) 


CO 


where 


diag  f G*  J e^'*^  C ' C.  e^  da  g1 

f..  f..  +f  ‘-0  ® • -J 


■•1  ^ 

G -■  rC'V*  = Kalman  filter  gain;  A = A - GC 


(18) 


A basic  gradient  optimization  technique  is  usexi,  but  the  gradients  ore  projected  ortto 
the  constraint  hyperplanes: 


rf 

= f 

(19) 

c. 

1 

c 

(2P) 

- 
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SAMPLE  RESULTS 

The  attention  allocation  scheme  has  been  applied  to  the  longitudinal  control  of 
a CH-46C  helicopter  in  hover.  Table  1 compares  The  predict-^  performance  with  and 
without  a flight  director.  The  results  ere  very  much  in  accord  with  the  actual  flight 
tests:  When  the  flight  directors  are  included,  hovering  performance  is  vastly  improved 
and  almost  the  entire  attention  capacity  is  devoted  to  the  pitch  and  power  flight 
director  indicators. 


Td>le  1.  Helicopter  Hover  Task,  Longitudinal  Axis,  Pitch  Command  Control  System, 

f =0.3 
c 


INSTRUMENT 
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f /f 

c/  c 
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w/o  FD 
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25. £ ft 

16.6  ft 
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.03 

ALTIMETER 

4.7  ft 

4.7  ft 

.17 

. 1 
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1.0® 

7® 

.03 

.03 
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1 .4  fps 
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.45 
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.14  in 
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.40 
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.13  in 
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c 

.25  in 
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CONCLUSIONS 

Performance  measures  and  workload  metrics  hove  been  defined  for  both  control 
and  monitoring  tasks  conducted  simultaneously.  Systematic  procedures  have  been  de- 
veloped for  allocating  attention  among  the  available  displays;  this  avoids  the  previously 
arbitrary  choice  of  f. . Work  is  continuing  to  further  validate  the  model,  to  determine 
information  requirements  for  different  display  and  contral  systems,  and  to  allocate  pilot 
control  and  monitoring  tasks  between  manual  and  automatic  systems  for  a helicopter. 
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DETECTION  OF  SYSTEM  FAILURES  IN  MULTI-AXES  TASKS 

by  Arye  R.  Ephrath 
Han-Vehlcle  Laboratory 
Massachusetts  Institute  of  Technology 

SUMMARY 

The  investigation  has  examined  the  effects  of  the  pilot's  participation 
mode  in  the  control  task  on  his  workload  level  and  failure-detection  perfor- 
mance during  a low-visibility  landing  approach.  We  found  that  the  participa- 
tion mode  had  a strong  effect  on  the  pilot's  workload,  the  Induced  workload 
being  lowest  when  the  pilot  acted  as  a monitoring  eleoient  during  a coupled 
approach  and  highest  when  the  pilot  was  an  active  element  in  the  control  loop. 

The  effects  of  workload  and  participation  mode  on  failure  detection  were 
separated.  The  participation  mode  was  shown  to  have  a dominant  effect  on  the 
failure  detection  performance,  with  a failure  in  a monitored  (coupled)  axis 
being  detected  significantly  faster  than  a comparable  failure  in  a manually- 
controlled  axis. 

INTRODUCTION 

In  the  last  decade,  a great  deal  of  thought  has  been  given  to  Category  III 
landings  and  their  implications.  One  e.rea  of  intensive  investigation  centers 
around  the  role  of  the  crew  during  the  approach,  and  current  thought  Is  pola- 
rized around  two  extremes: 

a.  The  crew  is  in  the  control  loop  and  flies  the  aircraft  in  accordance 
with  instrument-generated  steering  signals. 

b.  Steering  signals  are  coupled  directly  into  the  autopilot,  with  the 
crew  monitoring  the  system 
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It  Is  axiomatic  that  a pilot  should  be  capable  of  detecting  and  identifying 
failures  in  the  automatic  landing  system  accurately,  reliably  and  with  minimal 
time  delay.  To  this  end,  extmsive  studies  have  been  conducted  in  which  the 
pilot  was  treated  as  a controlling  element  in  a one-dimensional  task;  his 
decision  processes  (Schrenk,  1969)  and  his  adaptive  behavior  following  a sud- 
den change  in  the  controlled  plant  d3mamics  were  Investigated  (Young  et  aZ, 
1964;  Phatak  and  Bekey,  1969).  Other  studies  Investigated  the  failure-detec- 
tion performance  treating  the  operator  as  a pure  monitor  (Gai  and  Curry,  1975). 
In  reality,  however,  the  pilot  is  faced  with  multi-axes,  not  single-axis, 
tasks;  although  models  for  interference  among  multiple  control  tasks  have  been 
derived  (Levison,  1970) , the  interrelationships  among  simultaneous  control  and 
monitoring  tasks  are  not  yet  well  understood  (Levison,  1971). 

Young  et  dl  {op.  ait. ) found  that  in  single-axis  tracking  tasks  the  human 
operator's  performance  as  a failure  detector  was  better  when  he  was  in  the 
control  loop;  simulated  Category  111  landing  studies,  on  the  other  hand,  have 
shown  that  the  pilot's  failure  detection  performance  deteriorated  when  he  was 
faced  with  manual  control  task,  compared  to  the  monitoring  mode  (Vreuls  et  al, 
1968).  VRien  faced  with  split-axis  tasks,  pilots'  monitoring  and  decision 
making  were  impaired  (Monroe  et  alt  1968)  and  they  sometimes  completely  over- 
looked the  occurrence  of  a failure,  presumably  because  of  the  increased  work- 
load associated  with  split-axis  tasks  (Gainer  et  at,  1967). 

It  has  been  recognized  that  when  the  the  role  of  the  human  changes  from 
monitoring  to  that  of  an  active  controller  corresponding  changes  take  place  in 
his  workload  level  (Ekstrom,  1962;  Wewerinke).  However,  in  pilot-performance 
studies  to  date  these  effects  were  completely  confounded.  It  is  the  primary 
purpose  of  this  investigation  to  separate  these  effects  and  to  document  pilot 
performance  during  a Category  111  landing  as  a function  of  the  particular 
control  mode  at  different  workload  levels.  Wc  wished  to  isolate  and  identify 
the  effects  on  performance  due  to  the  variations  in  the  control  mode  alone  - 
and  hence,  variations  in  the  operator's  mode  of  behavior  - apart  from  the 
effects  on  performance  due  to  the  variations  in  the  workload  level. 
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METHOD 

As  stated,  the  purpose  of  this  research  was  the  study  of  the  pilot’s  short- 
term decisions  regarding  performance  assessment  and  failure  monitoring.  We 
wished  to  investigate  the  relationship  between  the  pilot’s  ability  to  detect 
failures,  his  degree  of  participation  in  the  control  task  and  his  over-all 
workload  level.  Also,  we  wished  our  findings  to  be  applicable  to  the  general 
population  of  pilots  who  fly  low-visibility  approaches  in  commercial  jet  trans- 
port aircraft.  To  this  end,  this  research  consisted  of  an  experimental 
investigation  which  was  carried  out  in  a static  ground  simulator  and  which 
utilized  fifteen  airline  pilots  as  subjects. 

The  simulation  capability  included  the  ADAGE  AGT/30  digital  graphics  com- 
puter and  a fixed-base  cockpit  simulator.  A mathematical  model  has  been 
developed  of  a large  transport  aircraft  in  the  landing  approach  flight  enve- 
lope; the  actual  flight  data  of  a DC-8  were  used  in  the  equations  of  motion, 
and  the  various  parameters  were  later  refined  following  a series  of  flight 
tests  by  a senior  airline  captain  with  considerable  Boeing  707/123  experience. 
Non-linear  phenomena  such  as  ground-effect  and  stalls  have  also  been  included. 

An  integrated-cue  flight  director  system  has  been  designed  for  this  simu- 
lator, providing  the  capability  to  land  the  simulated  aircraft  manually  in 
zero-zero  conditions  in  a relatively  satisfactory  manner.  Also,  a two-axis 
autopilot  has  been  incorporated  into  the  simulation  which  was  capable  of 
intercepting  and  tracking  the  Instrument  Landing  System  (ILS),  in  either  axis 
or  in  both  axes,  to  touchdown.  We  also  had  the  capability  to  add  wind  dist- 
urbances to  the  simulation  to  induce  different  workload  levels.  The  wind  gusts 
were  modelled  as  filtered  white  noise  with  a cutoff  frequency  of  tt/6  rad/sec. 

The  mathematical  model  wss  programmed  into  the  AGT/30  computer  which  was 
linked  via  multiplexer  channe?s  and  sense  lines  to  the  cockpit  simulator.  The 
cockpit  was  a mock-up  of  the  captain’s  crew  station  in  a Boeing  transport 
aircraft  (Fig,  1).  The  windows  were  frosted  to  eliminate  external  visual  ref- 
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erence. 

The  controls  included  an  operational,  spring-centered  control  column  with  a 
control  wheel  and  ruddei  pedals,  as  well  as  four  throttles,  flaps,  speed-brake 
and  landing-gear  levers  and  flight-director  and  autopilot  controls. 

Apart  from  engine  instruments  and  marker-beacon  lights  the  simulator  was 
equipped  with  three  CRT  screens,  mounted  one  each  on  the  main  instrument  panel 
at  the  captain's  and  the  first  officer's  stations  and  one  in  place  of  the 
weather  radar  screen.  The  screens  were  driven  simultaneously  by  the  ADAGE 
computer  and  presented  the  six  standard  flight  instruments  (Fig.  2):  Airspeed, 
attitude-flight  director  indicator,  altimeter,  instantaneous  vertical  speed 
indicator,  horizontal  situation  (HSI)  and  radio-magnetic  (RMI)  indicators,  as 
well  as  a DME  digital  readout  and  glideslope  deviation  and  course  deviation 
needles.  The  CRT  screens  were  driven  by  the  computer  at  a rate  of  24  frames 
per  second  which  was  sufficient  to  produce  flicker-free  images.  The  informa- 
tion was  updated  at  a rate  of  5/second. 

To  measure  the  pilot's  workload,  a "warning  lTght"-type  subsidiary  task  was 
selected  for  the  research.  It  consisted  of  two  small  red  lights  mounted  above 
each  other  outside  the  subject's  peripheral  vision  field,  and  a rocker  thumb 
switch  mounted  on  the  left  horn  of  the  control  yoke. 

The  lights  provided  the  stimuli.  During  the  run  the  upper  or  lower  light, 
with  equal  probability,  was  lit  at  a random  time  for  a maximum  of  two  seconds. 
A correct  response  by  the  subject  consisted  of  turning  the  light  off  by  a 
proper  motion  of  the  rocker  thumb  switch.  The  urogram  recorded  the  number  of 
times  that  the  subject  responded  correctly  to  the  warning  light  ("hits")  and 
his  response  time  (latency)  for  each  response.  Incorrect  responses  by  the 
pilot,  that  is,  not  responding  to  an  illuminated  light  or  activating  the 
switch  the  wrong  way,  were  also  counted  and  labeled  as  "misses". 

A workload  index  was  computed  from  these  data  as  follows: 

a.  As  each  stimulus  was  presented  for  a maximum  of  2 seconds,  the  total 
response-time  ratio  RTR  for  both  "hits"  and  "misses"  was  computed  by 

cumulative  latency  (/'  T.) 
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Total  number  of  stimuli  x sec 

ISS 


7 


T 


b. 


A miss-rate  MR  was  computed  by 


Number  of  stimuli  missed 
Total  number  of  stimuli 


(2) 


c.  A workload  index  WLX  was  then  extracted  using  the  best  least-squares 
fit  weighing  coefficients 


WLX 


0>78  RTR  ^ 0,626  MR 
0.78  + 0.626 


100  percent 


(3) 


This  measure  of  workload  has  been  shown  (Spyker  et  al^  1971)  to  be  correlated 
with  physiological  predictors  of  workload  with  a correlation  coefficient 
p = 0.646,  significant  at  the  P <*  0.005  level. 


d.  Finally,  we  wished  to  eliminate  differences  between  subjects  which  may 
have  been  caused  by  different  subjects  assigning  different  relative 
priorities  to  the  primary  tracking  task  and  the  subsidiary  task.  To 
this  end  the  workload  index  of  each  subject  was  normalized,  that  is,  a 
workload  index  of  zero  was  assigned  to  the  approach  which  resulted  in 
the  lowest  workload  measure  for  each  subject  and  a wor^.load  index  of 
100  was  assigned  to  the  approach  with  the  highest  workload  measure  for 
the  subject.  The  normalized  workload  index  on  approach  i of  subject  j 
was  then  computed  by 


Normalized  WLX 


ij 


(4) 


iWLX 


Experimental  Design 


The  experimental  variables  to  be  investigated  in  this  study  were  the  pilot 
participation  level  in  the  piloting  task,  the  workload  induced  by  the  control 
dynamics  and  by  external  disturbances,  and  the  pilot's  failure  detection 
performance. 

The  experiment  involved  foui  levels  of  control  participation: 
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a.  "Passive  moitlcoring",  vlth  autopilot  coupling  In  all  axes,  including 
autothrottle. 

b.  "Yaw  manual",  with  autopilot  coupling  In  the  pitch  axis  and  auto- 
throttle coupled. 

c.  "Pitch  manual",  with  autopilot  coupling  in  the  yaw  axis  only. 

d.  "Fully  manual". 

There  were  three  levels  of  wind  disturbance: 

a.  No  wind. 

b.  A 45*^  tailwind  of  5 knots,  gustlng  to  15  knots. 

c.  A 45*^  tailwind  of  10  knots,  gustlng  to  30  knots. 

Three  failure  conditions  were  used: 

a.  No  failure. 

b.  Failure  in  the  yaw  axis.  In  this  condition  the  autopilot,  if  coupled, 
or  the  flight  director  would  steer  the  airplane  away  from  the  localizer 
course  to  intercept  and  track  a course  parallel  to  the  nominal  path  but 
translated  by  a distance  corresponding  to  one  dot  deviation  (1.25^)  at 
the  point  of  failure  occurrence.  This  resulted  in  a one-dot  angular 
error  about  100  seconds  after  the  initiation  of  the  failure.  This  type 
of  failure  was  chosen,  rather  than  a runaway  failure,  as  It  was  quite 
subtle  and  therefore  It  provided  a good  measure  of  the  limits  of  the 
pilot's  failure  detection  capability. 

c.  Failure  in  the  pitch  axis,  which  resulted  in  a one-dot  deviation  (0.35^ 
of  angular  error)  approximately  30  seconds  after  the  occurrence  of  the 
failure. 

Failures  were  presented  only  between  the  altitudes  of  1800  and  800  feet;  each 
approach  was  terminated  either  at  touchdown  or  when  a positive  rate  of  climb 
has  been  established  following  the  initiation  of  a go-around  by  the  subject. 
The  selection  of  the  failure  altitude  was  randomized,  as  was  the  selection  of 
the  direction  of  the  failure  (left-right  in  a lateral  failure  mode,  up-down  in 
a pitch  failure  mode) . Workload  levels  and  failure  detection  performance  were 
investigated  in  separate  experiments,  to  avoid  possible  contamination  of 
failure  detection  data  by  the  presence  of  a concomitant  subsidiary  task;  the 
"no  failure"  condition  was  incorporated  in  the  design  so  that  the  subjects 
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would  not  anticipate  a failure  on  each  and  every  approach. 

RESULTS  AND  DISCUSSICM 

It  seems  clear  from  Figures  4 and  5 that  the  side-task  scores  were  sensi- 
tive to  variations  both  in  the  disturbance  level  and  the  paiticlpation  mode. 
Indeed,  analysis  of  variance  under  the  hypothesis  that  the  effects  of  the 
disturbance  and  of  the  participation  were  additive  revealed  that  the  varia- 
tions in  workload  scores  as  a function  of  participation  mode  were  significant 
at  the  P « 0.01  level  and  as  a function  of  the  severity  of  the  disturbance 
- at  the  P < 0.05  level. 

There  was,  however,  no  significant  difference  bettfeen  workloads  at  the  two 
low  disturbance  levels,  namely,  calm  air  and  a quartering  wind  of  five  knots, 
gustlng  to  fifteen  knots.  It  was  assumed,  and  it  was  verified  by  pilots' 
comments,  that  the  components  of  the  wind  parallel  and  normal  to  the  final 
approach  path,  3.5  knots  gustlng  to  10.6  knots,  were  not  strong  enough  to 
Induce  workload  significantly  higher  than  that  induced  by  piloting  the  sim- 
ulated aircraft  in  calm  air.  Consequently,  these  two  disturbance  levels  were 
combined  in  the  analysis  and  the  data  were  treated  as  if  there  were  only  two 
distinct  disturbance  levels,  "lo<<'"  and  "high". 

An  additive  model  was  used  in  the  regression  of  workload  scores  on  the 
disturbance  levels  and  participation  modes,  to  yield 

WLX(P,D)  - Wj(P)  + W2(D)  (5) 

where  ULX  is  the  normalized  workload  score 

r ts  the  participation  mode 

U is  the  disturbance  level 

18.7  for  the  fully-automatlc  mode 
^ ypv  _ 36.6  for  split-axis,  yaw  manual  mode 
P 61.0  for  split-axis,  pitch  manual  mode 
72.9  for  the  fully  manual  mode 

. u /'M  ® "low"  disturbance  level 

2^  *9.82  for  the  "high"  disturbance  level 
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Figure  4.  Figure 


These  values  yielded  workload-participation  node  correlation  significant  at 
P < 0.001  and  workload-disturbance  correlation  significant  at  P < 0.05. 

Detection  performance  was  analyzed  in  terms  of  detection  time  and  accuracy. 
Detection  time  was  defined  as  the  elapsed  time  between  the  occurrence  of  a 
failure  and  the  verbal  report  by  the  subject  that  the  failure  has  been  detec- 
ted and  identified.  Accuracy  was  measured  by  the  fraction  of  failures  that 
were  missed  altogether.  We  differentiated  between  approaches  in  which  a failure 
went  unreported  but  which  resulted  in  a successful  rouchdown  and  approaches  in 
which  a failure  was  missed  and  which  did  r'o'  terminate  in  a successful  landing 
because  of  gross  error  in  the  failed  axi  The  Latter  are  shewn  in  Tables  1 
and  2;  the  numbers  in  parentheser  '•’pre'.ent  the  fraction  of  all  missed 
fail  . eu,  whether  or  not  they  rest ‘tea  in  a successful  landing. 

In  all,  90  approaches  were  flown  in  which  a longitudinal  failure  occurred; 
of  t .ese,  8 went  unreperted,  6 of  which  did  not  terminate  in  a succ''".sful 
landing.  Of  the  90  lateral  failures  presented,  9 were  missed;  of  these,  6 did 
not  terminate  in  a succe  ful  landing. 

A very  intereSb^ig  patter  '<s  obvious  from  Tables  1 and  2 and  from  Figures 
6 and  7:  All  fallun  ? an  automatically-controlled  axis  we*.e  detected  in 
consistently  sh.-  i.  t , between  9 and  17  percent  of  the  failures  which 
occurred  in  a manually-controlled  axis  were  not  detected  at  all,  and  the  ones 
that  were  required  considerably  longer  detection  times.  The  difference  between 
t!'  ^ mean  detection  times  in  an  automatic  and  manual  mode  was  highly  significant 
at  the  P < 0.01  evel. 

We  hypothf sized  that  this  difference  in  detection  performance  was  due,  in 
part,  to  the  increased  involvement  of  the  pilot  in  tbf'  control  task  in  the 
manual  mode  and,  in  part,  to  the  increased  workload  levels  associated  with 
manual  control;  we  set  out  to  separate  the  individual  effects  of  these  factors 
on  the  failure  detection  performance. 

In  Figures  6 and  7 the  mean  detection  times  of  pitch  and  yaw  failures, 
respectively,  are  plotted  as  functions  of  the  corresponding  mean  workload 
leve'.ii  for  the  four  participation  modes.  Tl»a  lollowing  relationships  are 
evident; 

1 rjetoction  times  in  a manually-controlled  axis  are  longer  than  detection 
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TABLE  1 

Fraction  of  Missed  Longitudinal  Failures 
in  Percent 


Participation 

Mode 

disturbance  Level 

Overall 

1 

2 

3 

Monitor 

0. 

0. 

■ 

0. 

Control  Yaw 

0. 

0. 

1 

0. 

Control  Pitch 

12.5 

(12.5) 

0. 

(14.3) 

1 

8.7 

(13.0) 

Manual  Control 

0. 

(12,5) 

14.3 

(14.3) 

37.5 

(37.5) 

17.4 

(21.7) 

Overall 

3.3 

(6.7) 

3.3 

(6.7) 

B 

6.7 

(8.9) 
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TABLE  2 

Fraction  of  Missed  Lateral  Failures 
in  Percent 


Participation 

Mode 

Disturbance 

Level 

Overall 

1 

2 

3 

Monitor 

0. 

■ 

0. 

0. 

Control  Yaw 

25.0 

(37.5) 

H 

12.5 

(37.5) 

17.4 

(30.4) 

Control  Pitch 

0. 

0. 

0. 

Manual  Control 

14.3 

(14.3) 

■ 

14.3 

(14.3) 

9.1 

(9.1) 

Overall 

m 

6.7 

(13.3) 

6.7 

(10.0) 
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times  in  an  automatically-controlled  axis. 

2.  Detection  times  for  lateral  failures  are  significantly  longer  than 
detection  times  for  longitudinal  failures  at  comparable  workload  levela 

3.  Detection  times  increase  In  direct  relationship  to  workload  (p  " 0.322 
for  n*163  pairs). 

We  assumed  that  the  failure  detection  mechanism  of  the  human  operator  acts 
similarly  in  both  lateral  and  longitudinal  axes;  any  difference  in  performance 
between  these  axes  is  due  to  differences  in  the  plant  dynamics  and  in  display 
variables  only,  not  to  differences  in  processes  internal  to  the  operator.  This 
assumption  of  equivalence  between  the  lateral  and  longitudinal  axes  has  been 
made,  either  explicitly  or  implicitly,  by  many  investigators.  It  is  based  on 
the  theory  that  the  human  behaves  optimally  with  respect  to  his  task  (cf. 
Smallwood,  1967)  in  all  axes,  and  that  the  operator  adjusts  his  describing 
function  to  match  the  task  (Young,  1969). 

Longitudinal  and  lateral  failure  detection  data  we'^e  thus  pooled;  detection 
times  were  regressed  on  the  type  of  failure  (longitudinal  or  lateral)  and  on 
the  control  mode  in  the  failed  axis,  with  the  workload  index  as  a covarlate, 
based  on  the  following  additive  model: 

Tq  + a(contol  mode)  + B(falled  axis)  + y(workload)  (6) 

obtained  for  the  regression  coefficients  a,  B and  y: 

20.9  + 16.5  M + 15.4  A +0.10WLX  (7) 

if  the  failed  axis  is  controlled  manually 
otherwise 


T ■ 

detection 

A solution  was 

T *■ 

detection 

where  1 

M - 

0 


1 if  the  failure  occurs  in  the  lateral  axis 


0 if  the  failure  occurs  in  the  longitudinal  axis 

WLX  - the  normalized  workload  index 

and  T . ^ is  measured  in  seconds, 

detection 

The  relationship  is  plotted  in  Figures  8 and  9 for  longitudinal  and  lateral 
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Figure  8«  Predicted  Longitudinal  Detection  Times 
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Figure  9.  Predicted  Lateral  Detection  Times 
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failures,  respectively.  Mean  detection  times  at  the  corresponding  mean  work* 
load  levels  are  also  shown  for  comparison.  The  model  correlates  well  with  the 
data,  with  * 0.531,  significant  at  the  P « 0.001  level. 


CONCLUDING  REMARKS 


Our  goal  in  this  research  was  to  identify  the  participation  mode  and  work- 
load level  which  optimize  the  pilot's  failure  detection  performance;  this 
subject  is  treated  in  considerably  more  detail  elsewhere  (Ephrath,  1975) . 

Our  results  indicate  quite  clearly  that  a coupled,  fully-automatlc  landing 
with  the  lowest  possible  workload  is  called  for  in  Category  III  operations, 
with  the  crew  monitoring  the  progress  of  the  approach  via  cockpit  displays: 
Failure-detection  performance  in  all  other  control  modes  was  unacceptable  for 
commercial  operations.  Performance  monitors  and  fault  annunciators  may 
alleviate  the  problem  somewhat  but  they  are  inadequate  at  altitudes  below  100 
feet  (Vreuls  et  al^  1968);  also,  they  are  not  infallible,  and  additional 
warning  lights  and  buzzers  in  the  cockpit  provide  more  opporti  nitles  for 
malfunctions  and  for  crew  confusion. 
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DRIVER  DBCISICai-MIlKING  RESEARCH  m A lASaRATORY  SIMUIATION 

By  R.  Wade  Allen,  Stephen  H.  Schwartz,  and  Henry  R.  Jex 

Systems  Technology,  Inc. 

Hawthorne,  California 


SUMMARY 

This  paper  reviews  a simulatioi  approach  to  the  study  of  driver  risk-taking 
behavior  in  a decision-making  context.  The  objective  is  to  differentiate 
between  perceptual,  psychoraotor,  and  decision-making  components  of  driving 
behavior.  Tasks  are  set  up  in  a decision-making  context,  with  rewards  and 
penalties  applied  as  performance  incentives.  Expected  value  theory  is  used 
both  to  set  up  task  conditions  and  as  a means  for  data  analysis  and  interpre- 
tation. 

Simulation  tasks  were  selected  that  would  fit  into  a decision  context  and 
could  be  efficiently  implemented.  Signal  li^t,  obstacle  avoidance,  and  curve 
negotiation  tasks  were  chosen  as  representing  a cross  section  of  driving  situa- 
tions that  woi;ild  lead  to  an  interesting,  motivating  driving  scenario  and  cover 
a range  of  decision-making  situations.  The  tasks  were  programned  to  occur 
randomly  and  repeatedly  in  a simulated  continuous  drive. 

Both  performance  and  lisk-taking  behavior  were  measured  for  each  of  the 
tasks.  Risk-taking  behavior  was  consistent  with  an  expected  \’al.ue  decision- 
making model  interpretation,  and  both  performance  and  behavior  show  sensitivity 
to  alcohol  intoxication. 
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RECOGNITION  OF  STIMULUS  DISPLAYS  - AN  ELECTRCPHYSIOLOGICAL  ANALYSIS 

By  Victor  F.  Johnston 
New  Mexico  State  University 


SUMMARY 


This  study  reveals  that  late  components  of  evoked  wavef on©  recorded  from 
the  frontal  areas  of  the  brain  are  correlated  with  an  observer's  interpreta- 
tion of  a stimulus  display.  The  possible  use  of  such  signals  as  control 
inputs  is  discussed. 


INTRODUCTION 


The  human  brain  is  capable  cf  a rapid  but  not  instantaneous  analysis  of 
a stimulus  display;  that  Is^  a finite  period  of  time  is  required  for  the  pro- 
cesses of  identification  and  recognition.  These  processes  impose  temporal 
limitations  on  the  rate  of  information  flow  across  the  machine-to-man  inter- 
face and  are  vulnerable  to  disruption  by  a large  number  of  environmental 
factors  such  as  toxicants,  stress  and  drugs.  A knowledge  of  the  basic  physi- 
ological mechanism  involved  in  the  detection  and  recognition  of  a stimulus 
display  offers  a theoretical  basis  for  a model  of  human  performance  capable  of 
(a)  predicting  the  interactive  affects  of  a number  of  these  environmental 
variables  and  (b)  identifying  possible  phyciologlcal  signals  which  may  serve 
as  reliable  control  Inputs  to  machines. 

Several  experiments  have  suggested  tnat  the  wave  shape  of  stimulus-locked 
potentials  may  reflect  a change  in  an  observt.t's  Interpretation  of  a stimulus 
diepluy.  For  ex>»mple,  John  et  al.  demonstrated  consi>  tent  differences  in  the 
late  components  of  visual  evoked  potentials  (VEP's)  induced  by  two  very  simi- 
lar stimuli,  a square  and  a rotated  square  (diamond),  irrespective  of  the 

stimulus  size.  However,  the 
Interpretation  of  such  experiments 
is  difficult  because  the  experi- 
mental procedure  involves  a change 
in  the  physical  stimulus  as  well 
as  a charge  in  meaning.  Physical 
attributes  of  a stimulus  change 
the  waveform  of  VEP's  (references 
2-7)  so,  in  order  to  avoid  con- 
founding the  meaning  change  with 
the  physical  stimulus  change,  it 
is  necessary  to  keep  the  latter 
constant . 

Fig.  1.  Stimuli  used  in  expc  imental  It  is  po  Ibi?  to  alter  the 

procedures.  Central  stimulus  is  ambigu^'i's.  meaning  of  a constant  stimulus  by 
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adding  a new  association  using  a conditioning  procedure,  for  example,  pairing 
a visual  stimulus  with  an  auditory  click  (reference  8),  However,  any  change 
in  the  VEP  as  a result  of  this  may  reflect  enhanced  arousal  or  attention 
rather  than  the  meaning  change  per  se.  Modification  of  VEP*s  by  such  vari- 
ablas  as  expectancy,  affect,  uncertainty,  or  attentional  state  have  been 
demonstrated  in  many  situations  (references  9-14),  The  conditioning  proce- 
dure not  only  brings  about  a change  In  meaning  but  may  also  have  a quantita- 
tive effect  on  one  or  more  of  these  state  variables.  The  difficulties 
inherent  in  equating  both  the  physical  stimulus  and  state  variables  may  be 
circumvented  by  the  use  o^  a symbolic  stimulus  that  has  two  or  more  distinct 
meanings  depending  on  the  context  in  it  Is  presented. 


APPARATUS 


The  central  symbol  in  Fig.  1 can  be  interpreted  as  "B"  or  **13,*'  depend- 
ing on  its  context.  The  stimulus-locked  evoked  potential  for  this  symbol  was 
recorded  when  it  was  embedded  in  the  temporal  context  of  other  numbers  cr 
other  letters. 

The  subjects  were  seven  student  volunteers  with  normal  visual  acuity. 
They  were  seated  in  an  electrically  shielded,  sound-deadened  enclosure  look- 
ing directly  at  a translucent  Plexiglas  screen.  A Kodak  Carousel  projector, 
fitted  with  a strobe  l:*ght,  back-projected  stimuli  onto  the  Plexiglas  screen 
from  an  adjacent  room.  All  stimuli  subtended  a 2^  visual  angle  and  were  pre- 
sented as  white  figures  on  a black  background.  The  nonatnbiguous  letter  stim- 
uli were  equated  in  surface  area  with  the  nonambiguous  number  stimuli.  The 
projector  advance  mechanism  and  strobe  were  under  the  control  of  a PDP8/e 
computer.  The  subject  initiated  a stimulus  presentation  by  depressing  a but- 
ton with  his  left  hand  and,  after  a delay  of  0.5  second  to  allow  movement 
potentials  to  subside,  the  stimulus  slide  was  projected  for  10  ysec. 


PROCEDURE 


A session  consisted  of  80  stimulus  presentations.  The  three  numerals 
shown  in  the  column  on  Fig.  1 were  presented  separately,  in  a random  temporal 
sequence,  in  number  sessions.  During  letter  sessions,  a similar  random 
sequence  of  letters  shown  in  the  row  of  Fig.  1 was  presented.  The  ambiguous 
stimulus  occurred  40  times  and  the  nonambiguous  stimuli  20  times  each  within 
a session.  Each  subject  participated  in  eight  sessions  (four  number  and  four 
letter)  on  the  same  day.  Numbor  and  letter  sessions  were  alternated  for  each 
subject,  and  the  nature  of  the  first  session  varied  among  subjects.  The 
first  two  were  warm-up  sessions  and  served  to  familiarise  the  subjects  with 
all  stimuli. 

Subjects  were  instructed  that  the  task  was  concerned  with  ihe  speed  with 
which  they  could  name  numbers  and  letters.  They  initiated  n stimulus  pre- 
sentation by  depressing  a button  with  their  left  hand,  and  a voice-opern ted 
relay  detected  the  subjects’  verbal  response  so  that  reaction  time  was  moni- 
tored throughout  the  experiment.  Before  each  session,  subjects  were  informed 
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of  the  visual  s,.xaiuli  to  be  presented  in  that  session.  This  also  served  to 
enhance  the  perceptual  set  for  the  ambiguous  stimu-i-us.  Questioning  after  the 
experiment  revealed  that  only  one  subject  was  awa.:^  that  he  had  been  calling 
the  same  stimulus  by  two  different  names  according  to  its  context.  All  the 
other  subjects  showed  surprise  whCii  the  relationship  was  pointed  ou*  to  them. 

Subjects  were  fitted  with  scalp  electrodes  located  on  the  midlme  either 
2.5  cm  above  the  inion  (occipital)  or  2.5  cm  above  the  nasion  (frontal).  The 
final  subject  had  electrodes  in  both  locations.  Thus,  four  records  were 
obtained  from  subjects  with  occipital  ele^  odes  and  four  from  subjects  with 
frontal  electrodes.  Corneorecinal  potentials  were  reduced  by  providing  the 
subject  with  a cross-hair  fixation  point,  allowing  self-presentation  of  the 
stimuli,  and  referencing  the  frontal  electrode  to  the  central  terminal  of  a 
40-kilohm  potentiometer  connected  between  a vertical  elec crooculogram  elec- 
trode and  the  two  earlobes  (reference  15).  Before  the  experiment,  the  poten- 
tiometer was  adjusted  until  vertical  eye  movements  could  no  longer  be  detected 
on  the  electroencephalographic  recording.  Occipital  electrodes  were  refer- 
enced to  the  two  earlobes. 

Evoked  potentials  were  amplified  by  Grass  model  6A5  w1 de-band  a-c  ampli- 
fiers and,  after  being  digitized  '':t  the  ra^e  of  500  points  per  second,  they 
were  stored  in  the  PDP8/e  computer.  Each  waveform,  which  contained  240  msec 
of  data  collected  immediately  after  stimulus  presentation,  was  averaged  with 
others  for  the  same  stimulus  for  that  subject  and  ?esslon.  lour  averaged 
evoked  potentials,  each  ’'he  average  of  20  stimulus  presentations,  were  col- 
lected from  each  subject  during  each  session.  These  waveforms  w re  than 
transferred  to  magnetic  t4\pe  for  subsequent  analysis  on  an  IBM  360  computer. 


FESULTS 


Six  sessions,  four  averaged  waveforms  per  session,  yielded  a teta'’  of  24 
averaged  wave  forms  collected  from  the  came  electrode  location  on  each  sub- 
ject. Of  these,  12  were  recorded  folloTring  the  presentation  of  the  ambiguous 
stimulus.  The  data  from  each  subject  was  analyzed  on  an  IBM  360  computer  by 
using  the  BMD-08M  factor  analysis  program  from  the  UCLA  Biomedical  package. 

Tore  analysis,  all  VEP*s  were  adjusted  to  a zero  mean.  A principal  compo- 
nents analysis  and  varimax  rotation  were  performed  on  the  120  by  120  correla- 
tion matrix  formed  by  the  correlations  among  the  120  time  points  for  and 
’*13.’*  An  excellent  theoretical  discussion  of  this  prot  are  has  been  given 
by  Donchin  (reference  7).  In  all  cas  .s  it  wis  found  that  five  eigenvalues 
accounted  for  between  80  and  95  percent  of  the  total  variance  in  the  data. 

The  corresponding  eigenvectors  were  cross-multiplied  by  the  original  wave" 
forms.  In  this  way  we  can  find  which,  if  ar.y,  factors  show  a significantly 
different  loading  when  the  ambiguous  stimulus  Is  inte  preted  as  *'B*'  or  as 
”13.**  This  method  has  the  advantage  over  cross-correlation  or  peak-tc-peak 
measurement  techniques  in  that  it  allows  a temporal  localization  of  differ- 
ences, as  well  as  a quantifiable  assessment  of  statistical  significance. 

The  analysis  revealed  that  in  the  case  of  occipital  recording,  none  of 
the  four  subjects  showed  any  significant  difference  'dilated  to  the  context 
of  the  ambiguous  stimulus:  that  is,  none  of  the  rotated  eigenvectors  were 

differentially  loaded  on  **B”  and  *’13**  waveforms.  In  the  case  of  frontal 
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recordings,  three  of  the  four  subjects 
showed  differential  loadings  on  one  or 
more  factors.  The  subject  with  simul- 
rsneous  reicrdings  for  occipital  and 
. r.mtal  loc  tions  showv^d  significantly 
cLfferent  loadings  on  recordings  from 
th  frontal  location  and  no  difference 
i;  the  occipital  recordings. 

Figure  2 shows  an  example  of  the 
eigenvectors  extracted  from  frontal  re- 
cordings for  one  subject,  together  with 
the  "B"  and  "13"  wave  forms  averaged 
over  all  experimental  sessions.  In  this 
case,  four  factors  accounted  for  more 
than  85  percent  of  the  total  variance. 
Only  factor  2 (f2),  which  begins  160 
msec  after  stimulus  presentation,  is 
differentially  loaded  on  "B"  and  "13" 

(U  =»  0,  P < .002).  Frontal  recordings 
for  two  other  subjects  also  showed  dif- 
ferential loading  on  a similar  factor 
temporally  located  on  this  part  of  the 
wave  form  (U  = 0,  P < .002;  U = I, 

P < .004).  This  suggests  that  the  most 
significant  difference  between  "B"  and 
"ir"  wave  forms  occurs  in  the  late  com- 
ponents, starting  160  msec  after  the 
stimulus.  In  addition,  one  frontal  re- 
cording subject  had  a significantly  dif- 
ferent loading  on  a second  factor  which 
accounted  for  5.9  percent  of  the  vari- 
ance (U  = 0,  P < .002).  This  factor 
(f4)  was  temporally  located  between  100 
and  140  msec  after  stimulus  presenta- 
tion. Comparable  factors  in  two  other 
frontal  recording  subjects  also  showed 
a trend  in  this  direction  (U  = 8, 

P < .066;  U = 7,  P < .047). 

There  was  no  significant  difference 
between  the  reaction  time  to  a "B"  or  a 
"13"  over  all  subjects.  This  suggests 
that  the  observed  differences  in  the 
wave  forms  cannot  be  accounted  for  by 
differences  in  the  arousal  level  or 
attention  of  the  subjects.  Differences 
due  to  corneoretlnal  potentials  are 
improbable  since  they  were  almost  elim- 
inated by  the  procedure  described  earli- 
er, and  it  appears  unlikely  that  dif- 
ferential eye  movements  would  occur  in 
response  to  a lO-psec  flash  of  the  same 
stimulus  in  the  two  different  contexts. 
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Fig.  2.  Average  "B"  uad  "13"  wave 
forms  recorded  from  a frontal  loca- 
tion on  the  same  subject.  First  four 
rotated  eigenvectors  (fl  to  f4)  are 
shown  for  this  subject,  together  with 
the  percentage  of  the  total  variance 
accounted  for  by  each  factor.  Peaks 
on  vectors  show  time  period  wh.:n  com- 
ponent was  most  active. 
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The  results  of  this  study,  and  others  (references  16-17)  suggest  that 
late  components  of  evoked  responses  recorded  from  the  frontal  areas  of  the 
brain  are  reliably  correlated  with  an  observer's  interpretation  of  a stimu- 
lus display.  Such  electrophysiological  signals  are  a potential  source  of 
control  inputs  at  man-machine  interfaces.  A more  complete  knowledge  of  the 
spaclal  and  temporal  distribution  is  required  for  such  signals  to  be  reli- 
ably identified  during  a single  stimulus  presentation.  One  possible  step  in 
this  direction  is  to  make  use  of  the  observation  chat  a missing  event  may  be 
ambiguous,  and  evoked  responses  at  the  time  of  a missing  stimulus  allows  an 
examination  of  the  spacial  and  temporal  distribution  of  meaning  correlated 
changes  in  the  absence  of  concurrent  sensory  input. 
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A TWO-DIMENSIONAL  TRACKER  TO  TEST  AN.'  EVALUATE  PATIENTS 
AFFLICTED  WITH  NERVOUS  SYSTE^  DISORDERS 


Hugh  P.  Bergeron  and  James  D.  Holt 
NASA-Langley  Research  Center 


A two-dimensional  tracking  device  for  testing  patients  with  known  or 
suspected  nervous  system  disorders  has  been  designed  and  constructed.  This 
paper  explains  the  operation  of  the  device,  presents  some  tentative  results, 
and  suggests  other  potential  uses  of  the  device. 

The  tracker  is  a hand-manipulated  device  that  uses  two  sliding  rods  to 
rotate  two  potentiometers.  The  output  of  the  potentiometers  are  transformed 
into  the  x and  y coordinates  of  a two-dimensional  plane.  The  resultant 
transformation  error  in  the  x and  y coordinates  is  calculated  to  be  less 
than  1 percent.  A measured  error  of  about  2 to  3 percent  was  obtained  from 
an  operating  prototype. 

The  prototype  was  used  in  initial  tests  at  Duke  University  on  both 
patients  and  normal  subjects.  Tracking  tasks  with  various  forcing  functions 
were  tried.  Both  the  frequency  and  shape  of  the  forcing  function  were 
varied.  A difference  in  error  of  greater  than  3 to  1 was  obtained  between  a 
normal  subject  and  a Parkinson  patient. 

The  device  has  other  potential  applications.  As  a two-dimensional 
tracker  it  can  perform  as: 

(1)  An  x/y  curve  plotter. 

(2)  A device  to  calculate  the  area  under  a random  curve. 

(3)  A device  to  calculate  the  area  of  an  arbitrarily  shaped  two- 
dimensional  shape. 

(4)  In  general,  any  x/y  measurements  in  a two-dimensional  plane. 

The  addition  of  a third  potentiometer  will  allow  the  tracker  to  supply 
the  X,  y,  and  z coordinates  of  any  random  point  in  space  that  is  within  the 
predetermined  construction  limits  of  the  device. 
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FREQUENCY  MODULATED  CUTANEOUS  ORIENTATION  FEEDBACK  FROM  ARTIFICIAL  ARMS 
by  Moshe  Soiomonow,  Amos  Freedy  and  John  Lyman 
Biotechnology  Laboratory,  UCLA 

SUMMARY 


A model  of  the  human  arm,  emphasizing  the  neuromuscular  mechanisms  of 
feedback  control,  has  been  constructed. 

The  various  parameters  and  functions  of  physiological  receptors  in  the 
feedback  section  have  been  classified  into  an  automated  category  that  can  be 
incorporated  in  the  prosthesis  servo  loop,  and  into  a sensory  category  that 
should  be  communicated  to  the  operator  if  control  and  dynamic  performance 
are  to  be  optimized. 

A scheme  for  simultaneous  display  of  two  such  sensory  parameters,  i.e., 
fingertip  pressure  and  elbow  position,  has  been  developed,  implemented  and 
evaluated.  The  neurophysiological  mechanism  of  such  displays,  and  the 
feasibility  of  sensory  transformation,  is  discussed  in  this  paper. 


INTRODUCTION 


Upper  limb  rehabilitation  can  be  approached  from  the  systems  point  of 
view.  The  structural  components  of  such  a system  consist  of  bones,  nerves, 
muscles  and  sensors.  The  underlying  principles  of  operation  are  classified 
into  two  categories:  (I)  effector  (motor)  and  (2)  affector  (sensory). 

The  effector  subsystem  includes  a multi  functional  combination  of  the 
humerus,  radius  and  ulnar  and  the  hand  phalanges  linked  and  powered  by  the 
various  arm  and  hand  muscles  and  the  structures  of  the  shoulder  and  upper 
arm.  Such  a manipulator  possesses  2 degrees  of  freedom  at  each  joint; 
elevation  and  rotation  of  the  shoulder;  elbow  flexion-extension  and  rotation, 
and  wrist  flexion  extension  and  rotation.  The  basic  arm  structure  serves  the 
purpose  of  orienting  the  hand  in  any  given  poinf  in  three  dimensional  space. 

The  muscles  powering  the  arm  function  as  prime  movers  where  agonist  and 
antagonist  elements,  acting  in  dynamic  synergy,  cause  a net  deflection  of  a 
Joint  angle,  and  supporting  agon i stic/antagoni sties  that  act  in  static 
synergy  cause  the  fixation  of  the  joint  in  space. 

The  hand  possesses  approximately  32  degrees  of  freedom,  made  possible  by 
the  many  rotations  of  which  the  fingers  are  capable.  In  addition  to  the 
obvious  motor  capabilities  of  the  hand,  it  serves  as  a multi-dimensional 
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affector  channel.  Although  the  sensory  modalities  of  the  hand  do  rot  differ 
from  other  somatic  modalities,  the  quantity  of  the  receptors  is  large,  making 
the  hand  sensitive  to  kinesthetic  and  tactile  stimuli  such  as  temperature, 
touch,  pressure,  position,  velocity,  etc. 

Control  of  such  complex  manipulator  systems  is  derived  from  reflexes  and 
synergy  in  the  lower  nrotor  neurons  of  the  spinal  cord,  as  well  as  from 
coordinated  voluntary  commands  from  tne  upper  motor  neurons  of  the  brain. 

Such  a system  is  represented  in  the  simplified  diagram  of  Figure  1. 

In  Figure  1,  a and  o'  are  prime  moving  and  supporting  muscle  sets, 
respectively.  K is  the  electro-chemical  gain  provided  by  the  neuromuscular 
junction  in  transferring  neura'  signals  of  muscular  motion.  The  golgi  and 
spindle  muscle  receptors  subserve  position  and  force  feedback,  providing 
local  stability.  Gamma  (y)  is  the  gain  adjustment  control  of  the  muscle 
spindle.  The  feedback  information  from  the  hand  is  amplified  by  an  arbitrary 
constant  K',  representing  the  hand's  increased  sensitivity  to  sensory 
stimuli. 

The  feedback  information  is  transmitted  to  the  central  nervous  system 
(CMS),  providing  enlarged  panoramic  perception  of  various  modalities  as  to 
the  arm's  state  as  well  as  its  environment.  Some  of  this  information  is  also 
provided  to  the  lower  localized  levels,  as  is  obvious  in  various  reflex 
activities,  e.g.,  instinctive  withdrawal  from  painful  stimuli. 

In  cases  of  upper  limb  amputation,  the  losses  include  the  associated 
elements  of  the  severed  arm,  i.e.,  nerve  axons,  muscles,  bones,  and 
receptors. 

Current  reconstruction  efforts  at  our  laboratory  utilize  the  correlation 
between  the  prime  mover  and  supporting  muscles  at  various  arm  joints,  in 
conjunction  with  pattern  recognition  techniques,  to  yield  an  artificial 
controller  as  part  of  an  adaptive  aided  prosthesis  system.  The  system  is 
externally  energized,  and  uses  myoelectric  signals  from  shoulder  muscles  as 
control  inputs. 

In  order  to  optimize  the  performance  of  such  an  adaptive  aided  system, 
the  problem  of  reconstruction  of  an  artificial  sensory  feedback  information 
subsystem  has  been  addressed. 

A general  description  of  the  system  is  shown  in  Figure  2. 

Sensory  infornration,  as  illustrated  in  the  models,  subserves  two 
functions: 

1.  Localized  feedback  to  the  spinal  levels  for  purposes  of  reflex,  and 
stability  without  reaching  consciousness. 

2.  Perceptive  type  of  feedback  to  the  higher  corilcal  sensory  areas  on 
both  conscious  and  subconscious  levels. 
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ADAPTIVE  AIDED  MODEL  OF  THE  RECONSTRUCTED  ARM 
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Further  narrowing  of  the  problem  is  in  order  when  the  reflexive- 
stabilizing  type  of  feedback  in  a prosthesis  system  is  provided  in  the  servo 
loop  in  the  form  of  position  or  velocity  feedback  from  the  joints. 

This  report  concerns  the  perceptive  type  of  feedback  responsible  for  the 
consciousness  of  tne  operator  as  to  the  state  of  the  prosthesis  and  its 
environment,  thereby  establishing  the  necessary  man-machine  dialogue  for  the 
system. 


APPROACH 


The  sensory  information  gathering  and  communication  capability  of  the 
human  upper  limb  is  obviously  formidable.  Exact  reconstruction  of  such 
information  processing  systems  is  beyond  our  reach,  due  to  lack  of  proper 
technology  to  duplicate  the  detailed  biological  processes  as  well  as  the 
inability  of  the  human  operator  to  artificially  perceive  large  quantities  of 
tactile  information  in  a subconscious  manner. 

The  objective  of  our  investigation  was  to  attempt  to  provide  an  amputee 
with  a two  dimensional  feedback  system.  The  choice  of  parameters  to  be 
displayed  was  derived  from  the  most  useful  feedback  to  an  amputee  in  order  to 
optimize  his  control  of  the  prosthesis,  namely,  fingertip  pressure  and  elbow 
position. 

The  underlying  principles  in  the  approach  to  the  solution  of  this 
problem  are  the  perceptive  response  of  the  human  skin  to  electrical  stimula- 
tion of  variable  frequency,  as  well  as  two  point  discrimination  orientation 
and  their  relationships  to  fingertip  pressure  and  elbow  position, 
respectively. 

The  paper  presented  at  the  1974  Annual  Conference  on  Manual  Control 
(Reference  1)  described  the  design  and  implementation  of  a fingertip  pressure 
sensory  feedback  system,  using  frequency  variation  from  10  to  100  pps 
proportional  to  pressure  exerted  by  the  fingers.  The  information  was 
transferred  to  the  amputee  via  cutaneous  electrical  stimulation.  For 
convenience,  the  diagram  of  the  system  is  presented  in  Figure  3. 

Studies  performed  by  Bach-y-Rita  and  Collins  (Reference  2),  in  an  effort 
to  provide  the  blind  with  a tactile  vision  substitution,  indicated  that 
cutaneous  receptors  and  their  neural  pathways  are  capable  of  carrying  pic- 
torial information  to  the  brain.  One  of  their  systems  consisted  of  a 
television  camera  linked  to  a commutator  system  activating  an  n X n matrix 
of  vibrotactile  stimulators  mounted  against  the  back  of  the  blind  subject. 
Experimentation  on  blind  subjects  revealed  that  within  a short  training 
period,  the  subjects  were  capable  of  interpreting  such  patterned  stimuli  as 
visual  rather  than  cutaneous.  The  possibility  that  the  central  nervous 
system  is  capable  of  utilizing  and  modifying  existing  mechanisms  to  perceive 
Such  information  i s cons i dered . 
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Capitalizing  on  the  above,  as  well  as  on  the  already  proven  frequency 
modulated  approach,  an  integrated  system  was  designed  incorporating  both 
fingertip  pressure  and  elbow  position.  The  system  utilized  electrical 
stimulation  electrode  arrays  at  the  man-machine  interface  with  multiple 
possibilities  for  two  point  discrimination  angles.  Such  an  arrangement 
attempted  to  create  the  subconscious  "learned"  neural  image  of  the 
corresponding  elbow  angles. 

Figure  4 provides  a description  of  the  system. 


DESCRIPTION  OF  THE  SYSTEM 


Fingertip  pressure  was  monitored  by  a Dynacon  resistive  rubber  type 
transducer.  Fingertip  grasp  on  an  object  applied  pressure  on  the  transducer, 
and  induced  decline  in  resistance  proportional  to  the  pressure. 

The  variations  in  resistance  controlled  an  Information  transformation 
network  generating  100  ysec  duration  pulses  at  a frequency  range  of  10  to 
200  pps  proportional  to  the  control  resistance. 

A DC  to  DC  converter  was  used  to  amplify  the  pulse  amplitude  up  to  200 
volts  current  regulated.  The  slrri'  I was  then  applied  to  concentric  silver 
electrodes  that  could  be  cutaneous iv  applied. 

Elbow  angle  was  monitored  by  a distributor  subsystem  in  which  20° 
increment  deflections  switched  the  signal  to  an  adjacent  channel  connected  to 
its  corresponding  electrode.  The  distribution  network  thus  monitored  elbow 
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angle  changes  of  20°  Increments  by  switching  the  FM  signal  derived  from  the 
fingertips  of  the  hand  to  different  electrode  channels  at  different  locations 
on  the  skin. 

Two  electrode  set;,  were  designed  for  the  preliminary  experiments:  a 

circular  set  and  a rectilinear  :.?t. 

The  circular  electrode  set  consisted  of  eight  electrodes  at  20° 
increments  mounted  on  a disc  with  a center  electrode  serving  as  reference; 
and  the  center  electrode  was  on  at  all  times. 

The  rectilinear  set  consisted  of  an  array  of  eight  electrodes  mounted  on 
a flexible  plastic  strap  that  was  capable  of  adjusting  to  skin  curvature, 
thus  insuring  reliable  contact. 

Figure  5 (a)  and  (b)  illustrate  the  two  electrode  sets. 


TO  STirWLATOR  SYSTEM 


(a) 


(b) 


FIGURE  5 

CIRCULAR  AND  RECTILINEAR  ELECTRODE 
INTERFACES. 


Electrode  system  (a)  at  no  motion  drew  a pictorial  vector  between  the 
reference  electrode  and  the  electrode  corresponding  to  the  given  elbow  angle. 
Upon  elbow  motion,  the  adjacent  electrode  switched  on,  while  the  previous  one 
turned  off.  Therefore,  a new  vector  of  a different  angle  was  sensed  by  the 
skin,  and  correlated  with  the  appropriate  elbow  angle. 

Electrode  system  (b)  had  no  reference  electrode,  and  upon  elbow  motion 
upward  (flexion),  for  example,  the  • ignal  was  switched  to  the  rostral 
electrode  corresponding  to  the  given  elbow  angle. 

If  flexion  of  60°  was  performed,  the  third  electrode  from  the  bottom 
switched  on,  which  corresponded  to  resolution  of  20  flexion  per  electrode. 
In^addition,  the  transient  switching  of  electrodes  during  gross  motion,  say 
60  , indicated  velocity  of  movement  to  the  operator.  The  signal  at  each 
electrode  was  frequency  modulated  by  the  fingertip  pressure  transducer. 
Therefore,  two  pieces  of  information  were  simultaneously  relayed  to  the 
amputee. 

Since  a certain  amount  of  training  is  required  for  optimal  perception 
and  correlation  of  the  coded  information  with  real  world  sensory  modalities, 
a training  and  evaluation  apparatus  was  designed  and  implemented.  The 
apparatus  consisted  of  an  artificial  elbow  Joint,  on  which  the  distributor 
was  mounted,  as  well  as  the  pressure  transducer  and  the  information  trans- 
formation network.  The  stimulus  amplitude  could  be  adjusted  to  a comfortable 
level  for  the  amputee. 

The  system  was  mounted  on  one  side  of  the  partition  (Side  I)  where  the 
experimenter  could  change  the  control  variables.  The  amputee  was  positioned 
on  the  other  side  of  the  partition  (Side  II),  and  was  connected  to  the 
electrode  system. 

The  experimenter,  therefore,  adjusted  at  will  the  elbow  angles,  and 
required  the  amputee  to  indicate  the  perceived  angle  on  the  partition.  The 
perceived  angle  was  ther  compared  with  the  real  angle  by  means  of  eight 
colored  lights  mounted  on  the  amputee  side  of  the  partition,  and  switched  on 
for  comparison  for  each  trial.  Statistical  data  were  then  collected  and 
analyzed  as  a measure  of  performance  and  utility  of  the  system. 

Figure  6 is  a diagram  of  the  training  and  evaluation  apparatus. 


EXPERIMENTAL  PROCEDURES  AND  RESULTS 


Four  normal  subjects  were  tested  in  a preliminary  evaluation  session. 
E.ach  subject  was  placed  initially  on  Side  I of  the  testing  assembly  and  was 
asked  not  to  move  his  arm.  The  electrodes  were  applied  to  the  cutaneous  area 
of  the  forearm  with  elastic  stockinette,  using  ECG  paste  on  each  electrode. 
The  experimenter  then  adjusted  the  stimulus  level  to  the  comfort  of  the 
subject,  and  rotated  the  artificial  elbow  slowly  in  160  degree  excursions. 

The  subject  was  asked  to  follow  the  stimulation  pattern  and  correlate  it 
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FIGURE  6 

TRAINING  AND  EVALUATION  APPARATUS. 


with  the  observed  artificial  elbow  positions.  After  20  minutes  or  so,  the 
subject  was  asked  to  move  to  Side  II  of  the  partition  where  he  could  no 
longer  see  the  artificial  elbow.  The  elbow  was  moved  again  and  the  subject 
was  asked  to  indicate  the  position  of  the  elbow  by  designating  the  light 
nearest  the  elbow  position  he  perceived.  The  experimenter  then  identified 
the  actual  elbow  position  by  switching  on  the  correct  light. 

A second  session  made  use  of  the  alternative  electrode  system  for 
comparison  of  perception  performance.  The  preliminary  evaluation  showed 
major  differences  in  perception  and  discrimination  capability  of  the  two 
electrode  interfaces.  The  circular  electrode  interfaces  provided  the  per- 
ception of  change,  apparently  due  to  switching  of  the  electrodes  respective 
to  elbow  angle,  but  the  subjects  could  not  correctly  indicate  elbow  angles, 
even  if  the  elbow  was  returned  to  the  initial  reference  angle.  Also,  the 
expected  vectorial  perception  could  not  be  realized,  and  the  subjects 
indicated  that  they  perceived  change  of  stimulation  location  which  could  not 
be  related  to  any  elbow  angle. 

Removal  of  continuous  stimulation  from  the  center  reference  electrode 
did  not  vary  the  perception  appreciably,  and  the  circular  electrode 
configuration  in  the  form  used  was  considered  unsuitable  for  our  application. 

Experiments  with  the  rectilinear  electrode  interface  demonstrated 
excellent  perceptual  resolution  and  discrimination.  Subjects  training  for 
30  to  40  minutes  were  able  to  correctly  indicate  elbow  angle  up  to  the 
resolution  limit  of  the  test  equipment  (20  increments). 

Predictions  were  correct  for  very  rapid  elbow  motions  as  well  as  for 
slow  ones.  The  transient  "on"  iime  of  the  electrodes  for  gross  increments 
indicated  direction  of  motion  as  well  as  velocity  to  the  subjects. 

In  several  instances,  the  experimenter  increased  the  frequency  of 
stimulation  deliberately  in  order  to  evaluate  the  ability  of  the  subjects 
to  perceive  two  information  pieces  simultaneously.  This  had  the  perceived 
effect  of  more  intense  stimulus,  but  the  discrimination  was  sharp  enough  so 
that  no  subject  confused  it  with  elbow  position  change. 

This  short  preliminary  evaluation  demonstrated  the  potential  of  skin 
orientation  stimulation,  in  combination  with  signal  frequency  modulation,  as 
a practical  means  for  relaying  two  useful  channels  of  information  to 
amputees.  Furfher  experiments  are  planned  to  incorporate  amputee  subjects  to 
provide  statistical  daia  to  indicate  performance  utility  of  such  a 
feedback  system  and  the  necessary  design  criteria  to  make  it  clinically 
applicable.  A future  state  will  be  to  incorporate  such  a feedback  system 
into  a three  degree  of  freedom  above  elbow  myoelectrical ly  controlled 
prosthesis.  This  prosthesis  is  now  in  final  stages  of  development  at  our 
laboratory. 
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Vetetv.-es  Administration,  Contract  VA#  VI0l-(  !34)PI2I 
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SUMMARY 


The  stretch  reflex  is  often  described  as  a spinal  servomechanism,  a 
device  for  assisting  in  the  regulation  of  muscle  length.  Observation  of  the 
EMG  response  to  mechanical  interruption  of  voluntary  movements  falls  to 
detaonstrate  a significant  role  for  spinal  reflexes  at  40  msec  latency.  Two 
functional  responses  with  latencies  of  120  msec  and  200  msec,  implying 
supraspinal  mediation,  are  observed. 


INTRODUCTION 


The  concept  of  a length  regulating  servomechanism  elegantly  fits  the 
known  neuroanatony  of  the  stretch  reflex  (Merton*).  It  provides  a useful 
worxiag  hypothesis  for  investigating  reflex  function  and  has  proved  adaptable 
to  our  expanding  experimental  knowledge  of  reflex  behavior.  The  demonstrated 
linkage  of  alpha  motor  and  fuslmotor  coactivation  enables  the  spindle  to 
remain  active  durlng^shortenlng  and  thus  play  a role  in  voluntary  contraction 
(Granlt** , Vallbo^^*^).  Nevertheless,  the  functional  existence  of  such  a 
mechanism  has  not  been  demonstrated. 

A stretch  reflex  servomechanism,  by  virtue  of  its  negative  feedback 
topography,  may  perform  two  functions.  It  can  reduce  the  sensitivity  of 
muscle  length  to  changes  in  external  loading.  It  can  also  reduce  that 
sensitivity  to  changes  in  intrinsic  muscle  performance  factors.  In  either 
case,  one  of  the  key  parameters  ef  the  reflex  would  be  its  "loop  gain"  or  the 
amount  of  tension  that  It  produces  in  response  to  a unit  change  in  length. 

On  the  basis  of  recordings  from  human  peripheral  nerves,  Vallbo**^ 
has  argued  that  the  gain  of  the  gamma  loop  appears  to  be  inadequate  to 
"constitute  the  main  mechanism  for  load  conq>ensation  with  regards  to  muscle 
length".  We  have  made  a contrary  argument  based  on  evidence  that  the  loop 
gain  of  the  physiological  system  is  a controlled  variable  that  can  be  greatly 
increased  by  voluntary  movement  (Gottlieb,  et  al*,  Gottlieb  and  Agarwal*). 
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Other  evidence  In  favor  of  a gain  controlled  servomechanism  for  regulating 
muscle  length  during  voluntary  movement  has  been  reported  by  Marsden, 
et  al®. 


The  criterion  for  judging  the  presence  and  effectiveness  of  such  a 
servomechanism  In  the  regulation  of  voluntary  movement  may  be  found  by 
observing  reflex  responses  tc  experiment  produced  "errors"  In  movement.  The 
onset  of  those  responses  should  follow  the  development  of  error  with 
latencies  consistent  with  those  of  known  spinal  reflex  responses. 


METHODS 


Each  subject  was  seated  and  the  right  foot  strapped  to  a plate  which 
could  rotate  about  a horizontal  axis  (figure  1).  Foot  angle  was  measured 
from  a potentiometer  and  foot  torqua  from  strain  gauges  in  the  arm  of  the 
plate.  A DC  torque  motor  was  connected  by  a gearbelt  and  pulley  system  to 
apply  rotational  torques  to  the  foot. 

Electromyograms  were  recorded  from  disc  surface  electrodes  placed  over 
the  bellies  of  the  soleus  and  anterior  tlblal  muscles.  These  were  amplified, 
full-wave  rectified  and  filtered  before  recording  (Gottlieb  et  al®). 

The  experiment  consisted  of  asking  the  subject  to  make  a rapid  plantar- 
flexion  upon  perceiving  a visual  signal.  The  onset  of  the  soleus  EMG  was 
detected  and,  after  a fixed  delay  specified  at  the  beginning  of  each 
experiment,  used  to  trigger  the  motor  servomechanism.  This  servo  could  be 
set  to  provide  a specified  mechanical  Impedence  to  foot  rotation  or  to  be  a 
simple  torque  device  to  produce  rotation  of  the  ankle.  In  either  case, 
interruption  of  the  voluntary  movement  by  activation  of  the  motor  would 
occur  on  a random  basis  in  approximately  one  out  of  three  movements. 

Data  from  Interrupted  and  uninterrupted  movements  was  separated  and 
individual  records  were  aligned  and  averaged. 


RESULTS 


Figure  2 shows  Individual  records.  The  upper  curves  are  filtered 
soleus  EMG  (increasing  downward)  and  In  parts  a-c,  the  associated  unflltered 
EMG.  The  lower  curve  shows  foot  angle.  In  all  six  cases,  a torque  step  was 
applied  to  the  foot  just  prior  to  (a)  or  Immediately  after  (b-f)  the  onset 
of  soleus  contraction.  This  moment  is  Indicated  in  the  figures  by  an 
asterisk.  In  the  first  four  cases,  the  motor  briefly  rotates  the  foot 
dorsally  before  being  overcome  by  the  voluntary  contraction.  In  the  letter 
two,  the  movement  Is  transiently  and  abruptly  halted  but  not  reversed. 
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Record  2a  shows  that  the  stimulus  Is  adequate  to  produce  a strong 
reflex  response.  Only  two  (b  and  e)  of  the  five  records  In  which  the 
stimulus  was  delivered  after  the  onset  of  contraction  show  a similar  reflex 
response.  Records  c,  d and  f show  no  reflex  volley  that  Is  distinguishable 
from  the  ongoing  voluntary  level  of  activity. 

The  fact  that  the  reflex  response  appears  to  be  so  labile  under  those 
conditions  suggests  that  we  examine  ensemble  average  responses  rather  than 
individuals . 

Figure  3 shows  two  experiments,  the  first  In  which  the  motor 
simulated  a stiff  spring,  the  second  in  which  Increased  stiffness  was 
augmented  by  a torque  step.  Figure  4 shows  a second  sequence  of  experiments 
with  a torque  step  in  a different  subject.  Figure  5 shows  a third  sequence 
in  which  the  subject  (same  as  4)  made  deliberately  slow,  ramp-like  movement.i 
of  about  one  seconds  duration. 


DISCUSSION 


The  experiment  shown  In  figure  3a, b shows  evidence  In  favor  of  servo 
action  of  the  stretch  reflex.  We  see  a divergence  in  the  average  EMGs  which 
lags  behind  the  angular  divergence  by  an  Interval  consistent  with  spinal 
reflex  latencies.  By  contrast,  the  experiment  in  figure  3c, d shows  a clear 
stretch  reflex  but  not  servo-like  action.  That  is,  there  is  but  a brief  and 
discrete  reflex  volley  that  appears  as  If  superimposed  upon  the  voluntary 
EMC  with  little  or  no  additional  alteration  to  the  recruitment  pattern  In 
the  early  time  Interval.  The  sequence  of  experiments  in  figure  4 gives  no 
evidence  of  either  servo-like  action  or  of  sp''nal  stretch  reflex  activity. 

A response  in  the  EMC  with  a latency  of  approximately  120  msec  is  present, 
and  this  is  also  seen  in  the  previous  sequence.  Data  from  two  other  subjects 
more  closely  resemble  figure  4 than  figure  3.  All  subjects  had  brisk  and 
easily  ellctable  patellar  and  achllles  reflexes. 

The  earliest  studies  of  stretch  reflex  servo  behavior  by  Hammond, 
et  al^,  examined  a problem  of  postural  maintenance.  Their  subjects  were 
maintaining  a fixed  limb  (arm)  position  and  Instructed  to  resist  a mechanical 
disturbance.  They  showed  two  responses  in  the  EMG,  one  with  a latenc> 
consistent  with  spinal  reflex  delays  and  a second  with  a latency  about  three 
times  longer  (15-20  msec  and  50-70  msec  in  the  arm  biceps) . A similar 
experiment  by  Melville  Jones  and  Watt^  with  the  gastrocnemius  muscle  found 
the  same  paired  responses  with  latencies  of  37  msec  and  120  msec. 

The  more  recent  studies  of  Marsden  et  al^,  examined  an  Interrupted 
phasic  movement.  They  found  an  EMG  response  which  began  after  a spinal 
reflex  latency  and  continued  for  at  least  100  msec.  The  experiments  by 
Hammond  and  Melville  Jones  and  Watt  are  not  directly  comparable  with 
Marsden's  because  the  task  given  to  the  subjects  was  different.  Hannond 
noted  the  dependence  of  his  late  response  on  the  nature  of  the  instructed 
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Cask.  He  observed  that  the  second  response  could  be  reduced  or  abolished  by 
verbal  instruction  while  the  first  response  could  not. 

In  this  light  consider  the  data  presented  here.  Ue  see  in  one 
experiment,  a short  latency  response  blending  In  and  continuous  with  the 
longer  latency  response.  For  the  remainder  however,  we  see  only  a long 
latency  response.  Reaction  times  (R.T.),  measured  from  the  onset  of  the 
visual  command  to  plantarflex  to  the  onset  of  the  EMG  and  the  response 
latencies  (t)  measured  from  the  onset  of  the  interrupting  force  are 
summarized  in  table  1.  They  show  the  long  latency  response  to  be 
approximately  three  times  the  spinal  reflex  latency  and  about  six  tenths 
of  Che  initial  reaction  time. 

A likely  interpretation  of  this  is  that  the  late  response  is  a supra- 
spinal "stretch  reflex"  similar  to  the  late  response  seen  by  Hananond  and  to 
Melville  Jones'  Functional  Stretch  Reflex  (FSR).  It  too  is  altered  by  verbal 
instructions.  An  alternative  interpretation  is  that  the  120  msec  response  is 
a second  reaction  time,  produced  by  the  same  processes  that  produce  the 
initial  200  msec  reaction  time  but  briefer  because  of  the  different,  and 
presumably  more  Intense,  second  stimulus.  This  cannot  be  refuted  by  the  data 
presented  here  since  120  msec  is  about  at  the  lower  limit  of  possible 
reaction  times  but  the  hypothesis  seems  unlikely.  For  one  thing,  if  the 
response  is  a simple  reaction  time  then  we  should  expect  it  to  be  longer  than 
the  initial  reaction  time  because  of  the  "psychological  refractory  period" 
first  described  by  Telford^ 

Figure  5 shows  the  effects  of  Interrupting  a relatively  slow  voluntary 
movement  and  displays  the  foot  torque  and  velocity  as  well.  Activation  of 
the  motor  causes  a sudden  rise  in  torque  (the  motor  Is  acting  like  a spring) 
and  a halting  of  the  movement.  The  EMG  shows  a small  burst  of  activity  about 
40  msec  after  activation  but  it  is  not  visibly  greater  than  the  normal 
variations  in  soleus  EMG  shown  in  the  uninterrupted  record. 

The  halt  is  only  mementary  and  the  movement  continues  at  a slower  rate 
but  with  increasing  muscle  tension  according  to  the  force-velocity  character- 
istics of  the  muscle.  About  120  msec  after  the  interruption  there  is  another 
EMG  burst  which  is  sustained  throughout  the  recording  Interval.  The 
consequences  of  this  are  first  a slight  increase  in  the  rate  of  tension 
development  (note  curvature  in  foot  torque  curve  between  400  and  560  msec) . 
Beyond  560  msec  the  torque  motor  saturates  and  the  movement  speeds  up. 

Looking  closely  at  the  EMG  record,  there  is  a third  phase  of  soleus 
EMG  about  200  msec  after  the  Interruption.  In  figure  5 this  can  be  seen  as 
a burst  at  t • 480  msec.  Looking  back  in  figure  4 the  bursts  starting  at 
120  msec  post-stimulus  last  about  100  msec  and  are  followed  by  a lower  level 
of  activity  which  is  still  higher  than  in  the  undisturbed  case.  Similar 
behavior  is  seen  in  figure  3.  This  third  phase  could  well  represent  a 
different  level  of  neural  control  with  adequate  time  being  present  for 
conscious  cortical  Influences  to  be  exerted. 
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Recognizing  the  Inherent  variability  of  these  EMG  data  it  is  premature 
to  make  firm  statements  based  on  them.  In  the  data  seen  thus  far  however  it 
seems  possible  to  describe  three  phases  in  the  EMG  response  to  unexpected 
errors  in  a movement.  A spinal  stretch  reflex  phase  of  very  variable 
intensity  starting  40  msec  post-stimulus  and  lasting  up  to  80  msec.  A 
probable  supraspinal  reflex  phase,  the  FSR  in  the  120-200  msec  Interval  and 
a possibly  voluntary  response  phase  from  200  msec  on. 

The  question  of  whether  or  not  there  is,  in  any  functional  sense,  a 
stretch-reflex  servo  operating  over  spinal  reflex  arcs  remains  open.  There 
may  well  be  multiple  functional  reflex  loops,  one  at  the  spinal  level  and 
others  supraspinal  (Eccles^).  VThen  the  motor  system  is  performing  a postural 
maintenance  task  only  the  latter  are  Important.  When  a rapid  movement  is 
performed,  most  of  the  activity  Is  planned  in  advance  or  preprogrammed. 
Corrections  for  errors  In  movement  are  handled  at  supraspinal  levels.  Slower 
(and  more  precise)  movemeits  are  handled  differently  however  (Navs  and 
Stark^^)  by  making  use  of  the  shorter  spinal  reflex  arcs.  Even  fast  move- 
ments may  use  this  pathway  if  the  errors  are  detected  early  enough  in  the 
movement . 

These  remain  hypotheses  however.  We  are  as  yet  unable  to  show  that 
the  spinal  stretch-reflex,  either  monosynaptic  or  polysynaptic,  is  an 
important  mechanism  in  the  execution  of  normal  movement.  The  presence  of 
servo-mechanism  behavior  operating  over  this  pathway  cannot  be  clearly 
demonstrated. 
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TABLE  I 

The  average  reaction  time  (R.T.)  measured  from  the  visual  signal  to  the  onset 
of  the  EMG;  and  the  Interruption  response  time  (t)  measured  from  the 
activation  of  the  torque  motor  to  the  onset  of  the  response  EMG.  Standard 
deviations  are  in  parentheses. 


Exp. 

N 

R.T.  (msec) 

t (msec) 

GCA016 

22 

180.7  (26.9) 

135.7  (18.2) 

GCA019 

24 

204.8  (32.4) 

124.4  (10.2) 

6LG010 

16 

214.6  (54.6) 

120.0  (12.6) 

GLGOll 

16 

227.4  (34.6) 

116.5  (9.4) 

6LG012 

16 

229.4  (26.2) 

130.0  (10.5) 

GLG013 

16 

215.9  (25.6) 

107.8  (12.2) 

GLG014 

IS 

208.8  (21.6) 

121.4  (18.8) 
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Figure  1 

Apparatus-Motor  (m)  and  crt  display  are  under  computer  control. 
Electromyogram  amplifiers  (a)  are  Tektronix  2A61s  (bandwidth 
60-600  Hs),  filters  (f)  are  third  order  averaging  (10  Mac). 
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Figure  2 

Typical  data  records  • uppermost  trace  In  each  part  Is  filtered 
soleus  EMG  increasing  downward  (arbitrary  units) . Lower  trace 
In  each  part  Is  foot  angle  with  plantar-flexion  plotted  downward 
(range  20  decrees).  Intermediate  trace  (parts  a,  b & c)  is 
unflltered  soleus  ZMG.  This  EMG  is  shown  on  an  expanded  scale 
at  right  of  those  three  parts,  (a)  Stlmul”^  precedes  voluntary 
movement  showing  adequacy  of  torque  stimulus.  Left  time 
abscissa  covers  one  second.  Expanded  scales  at  right  are  100 
msec  and  8.0  mv.  Subject  GCA.  (b)  Stimulus  triggered  by 
voluntary  EMG.  Left  time  abac'  sa  covers  0.5  seconds.  Expanded 
scales  at  right  are  100  msec,  and  4.8  mv.  Subject  GCA.  (c)  Like 
b except  expanded  scales  at  right  are  100  msec  and  1.2  mv. 

Subject  GCA.  (d)  Stimulus  triggered  by  voluntary  EMG.  Left  time 
abscissa  one  second.  Subject  BWF.  (e  and  f)  Like  d. 

Subject  GLG. 
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Figure  3 

A - angle  of  the  foot  versus  time,  during  voluntary  plantarflexlon 
of  the  ankle.  The  curve  marked  X Is  made  without  opposition  by  the 
motor  (average  of  64  movements).  In  the  curve  marked □,  the  motor 
resisted  movement  from  Its  onset  by  simulating  a stiff  spring 
(average  of  24  movements).  The  range  of  the  plot  Is  15  degrees 
plantarflexed  from  neutral  at  the  top  of  the  graph.  B - the 
average  soleus,  EM6,  full-wave  rectified  and  filtered  for  the 
movements  in  A.  C and  D correspond  to  A and  B for  an  experiment  in 
which  the  motor  applied  a step  of  torque  to  interrupt  and  briefly 
reverse  the  movement. 
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Figure  A 

Avcrege  foot  angle  and  soleus  EMG  records  for  inoveinents  Interrupted 
at  different  angles.  The  FiMG's  In  part  B correspond,  from  top  to 
the  bottom,  with  the  angle  traces  marked  X (upper  curve), O,  X 
(lower  curve)  and ^respectively.  Averages  of  Interrupted  movements 
have  16  records,  uninterrupted  averages  have  37.  The  arrow  above 
the  EMG  traces  Indicates  the  onset  of  the  disturbing  torque. 


202 


FOOT 

VELOCITY  p.  angle 


Figure  5 

Average  EMG,  foot  torque,  foot  angle  and  angular  velocity  for  a 
slower  voluntary  plantarflexion.  The  uninterrupted  record  la  an 
average  of  25  movements.  The  Interrupted  record  la  an  average 
of  10  movements. 
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HEAD-EYE  TRACKING  IN  TWO-DIMENSIONAL  PURSUIT  TASKS 
D.  K.  Shirachl*  and  J.  H.  Black,  Jr.* 


Aerospace  Medical  Research  Laboratory 
Aerospace  Medical  Division 
Air  Force  Systems  Command 
Wright-Patterson  AFB,  Ohio 

SUMMARY 


Previous  literature  [1,2]  devoted  to  head  and  eye  movements  has  been 
primarily  restricted  to  single-degiee-of-freedom,  horizontal  movement 
investigations,  with  researchers  possibly  assuming  that  vertical  and 
horizontal  tracking  characterisclcs  are  nearly  identical. 

The  research  presented  In  this  report  advances  present  knowledge  of 
the  neurological  control  systems  for  the  eye  and  head  by  investigating 
dynamic  eye  and  head  rotations  in  two-degrees-of-freedom  using  band- 
limited,  white  noise  stimuli,  nominally  wide  field-of-view  stimulus  pre- 
sentations of  +10*’  and  power  spectral  analysis  of  the  data  to  produce 
input-output  transfer  and  coherence  functions. 

The  authors  determined  the  frequency  response  characteristics  of  these 
systems  and  investigated  the  linearity  of  the  transfer  functions  in  both 
coupled  and  decoupled  vertical  and  horizontal  stimulus-response  reference 
axes  and  the  amount  of  cross-axis  coupling  present  in  the  system  responses. 

A comparative  study  was  also  conducted  to  assess  the  differances  in  response 
characteristics  between  single-axis  and  dual-axis  visual  stimulation  for 
the  same  subject. 


INTRODUCTION 


The  purpose  of  this  investigation  into  eye  and  head  tracking  at  the 
Aerospace  Medical  Research  Laboratory  is  to  determine  the  applicability 
and  dynamic  performance  of  Visually  Coupled  Systems  (VCS),  control  systems 
which  are  activated  by  head  and/or  eye  movements  with  relevant  feedback 
information  displayed  directly  to  the  operator's  visual  fleld-of-vlew. 

* National  Research  Council  Resident  Research  Associate 
**  Captain,  United  States  Air  Force 
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Numerous  potential  applications  of  VCS  to  manned  and  unmanned  aircraft 
flight  control,  fire  control,  target  acquisition  and  reconnaissance  have 
been  proposed.  Aside  from  in- the- loop  control  of  sensors  and  weapons,  head 
and  eye  line-of-sight  measurements  are  being  considered  for  selection  and 
control  of  aircraft  cockpit  informational  displays  and  as  a means  of  up- 
dating onboard  navigation  systems.  In  addition,  if  real  time  knowledge  of 
the  operator's  line-of-sight  is  coupled  with  information  and  special  pro- 
cessing provided  by  a central  data  management  system  (e.g.,  an  airborne 
data  computer),  VCS  devices  can  display  cues  directly  to  the  operator  as  to 
locations  of  targets,  threats,  checkpoints,  runways,  etc.,  in  the  real 
world. 

The  interest  in  head  and  eye  directed  control  systems  is  based  on  the 
following  considerations:  for  conventional  manual  control,  use  of  the 

hands  and  feet  has  traditionally  been  reserved  for  vehicular  attitude  con- 
trols; the  incorporation  of  head  and  eye  control  systems  offer  numerous 
additional  control  possibilities,  including  simultaneous  secondary  tasks 
without  overloading  or  severely  encumbering  the  operator;  rapid,  precise 
eye  and  head  movement  coordination  is  a natural  physiological  activity  in 
man  which  is  closely  coupled  to  his  perception  and  reaction  to  the 
environment. 


EXPERIMENTAL  APPARATUS 


The  experimental  apparatus  consisted  of  a Honeywell  Remote  Oculometer 
w’lich  computes  the  angular  line-of-sight  associated  with  dynamic  eye 
movements  and  a Honeywell  Helmet-Mounted  Sight  (HMS)  to  compute  angular 
line-of-sight  information  for  dynamic  head  movements. 

The  Honeywell  Oculometer  is  a digital  signal  processor  which  extracts 
line-of-sight  information  from  a scanned  television  vidicon  field  and  de- 
termines pupil  diameter  and  visual  fixation  angles  by  means  of  appropriate 
real  time  signal  processing.  Merchant,  et  al.  [3]  provide  a detailed 
description  of  the  operation  and  performance  of  this  instruuent. 

The  Honeywell  HMS  described  in  reference  [4]  computes  head  line-of- 
sight  from  information  generated  by  scanning  Infrared  light  beams  trans- 
mitted from  fixed-coordinate  ''light  fans"  mounted  beside  the  experimental 
subject  and  received  by  light  sensors  mounted  on  a helmet  worn  by  the  sub- 
ject. An  electronic  computation  unit  outputs  the  horizontal  and  vettlcal 
coordinates  associated  with  the  head  line-of-sight  in  accordance  with  a 
pre''  ijiinary  calibration  operation. 

The  moving  target  stimuli  for  the  eye  and  head  pursuit  tracking  are 
generated  by  projecting  a laser  beam  directed  by  an  X-Y  mirror  galvano- 
meter system  onto  a vertical  viewing  screen  which  subtends  a visual  angle 
of  +20®  for  both  vertical  and  horizontal  axes.  The  vertical  and  horizontal 
channels  of  the  galvanometer  system  have  independent  input  connections  and 
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the  stimuli  consist  of  band~limited|  Gaussian  white  noise  which  are  un~ 
correlated  between  vertical  and  horizontal  channels. 

DATA  ANALYSIS 


The  data  analysis  method  chosen  for  investigation  of  the  head  and  eye 
movement  system  dynamics  was  power  spectral  analysis  [5],  and  the  frequency 
information  of  the  spectral  analysis  permitted  a comparison  of  the  authors' 
data  with  those  in  the  literature  U»2].  Using  power  spectral  analysis 
techniques,  one  may  directly  compute  the  system's  linear,  input~output 
transfer  function  and  the  coherence  function  which  is  a quantitative 
measure  of  the  credibility  associated  with  the  computed  linear  transfer 
function. 


It  is  assumed  that  the  measured  output  response,  x(t),  is  the  sum  of 
an  input  stimulus,  u(t),  multiplied  by  the  system  transfer  function,  h, 
plus  an  additive  noise  source,  n(t),  which  is  uncorrelated  with  the  input. 

x(t)  - h(t)  u(t)  + n(t) 

E[n(t)  u(t)]  - 0;  0<  t < T 

Performing  a Fourier  transformation  of  the  input  and  output  variables  and 
converting  to  power  spectra 


®ux  “ ^ ®uu  ®nx 


where 


u(t)  * input  time  function 

h > transfer  function  (time  domain) 

x(t)  ■ response  time  function 

n(t)  ■ noise  time  function 

Gyy  ■ auto-power  spectrum  of  u(t) 


»ux 


*nx 


cross-power  spectrum  of  u(t)  and  x(t) 
cross-power  spectrum  of  n(t)  and  x(t) 


E[  ] ■ expected  value  operator 


Assuming  that  n(t)  is  uncorrelated  with  x(t)  and  n(t)  is  zero  mean, 
Gaussian  noise,  then  the  use  of  ensemble  averaging  for  the  auto-  and  cross- 
power spectra  for  many  segments  of  frequency  computations  causes  G^  to 
approach  zero.  Therefore, 

Gux  ^ H Guu 
and  H - ^ 

where  7 denotes  the  ensemble  average. 
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The  coherence  function,  V Is  defined  as 

. o<<2<1.0 

Guu  Gmr 

where  ■ auto-power  spectrum  of  x(t). 

The  coherence  function  Is  the  proportion  of  input  power  contained  by 
the  output  power  spectrum  and  is  a quantitative  measure  of  the  linear 
causal  relationship  between  the  input  and  output  of  a system. 

Input-output  cross-correlations  were  computed  to  determine  the  time 
delay  of  the  output  response  relative  to  a given  input  stimulus.  The  lag 
time  corresponding  to  the  maxlmuc  value  of  the  cross-correlation  function 
is  considered  as  the  time  delay  of  the  measured  input-output  relationship. 


RESULTS 


The  data  presented  here  were  recorded  primarily  from  one  subject  and 
are  considered  to  be  a preliminary  investigation  of  two-dimensional  head 
and  eye  movement  dynamics. 


Eye  Movement  Responses 

The  eye  transfer  function  for  a single-axis  stimulus  is  shown  in 
Figure  1.  Note  that  the  gains  for  both  vertical  and  horizontal  axes  are 
less  than  one  for  all  frequencies  Investigated  and  that  the  horizontal  gain 
is  less  than  the  vertical  gain.  The  phase  lag  is  linearly  correlated  with 
frequency  with  a correlation  coefficient  of  0.98,  and  this  type  of  phase 
relationship  corresponds  to  that  for  a time  delay  function. 

The  corresponding  eye  transfer  function  for  dual-axis  stimuli  is 
shown  on  Figure  2.  The  gains  are  linear  with  frequency,  and  the  vertical 
gain  is  much  greater  than  the  horizontal  gain.  It  should  be  noted  that 
the  vertical  to  horizontal  gain  ratio  is  greater  in  the  dual-axis  case 
than  the  single-axis  case.  In  dual-axis  pursuit  for  this  particular 
subject,  the  horizontal  gain  decreased  and  the  vertical  gain  Increased  when 
compared  to  the  single-axis  case.  The  phase  lag  for  the  dual-axis  case  is 
also  linearly  related  to  frequency,  but  the  dual-axis  phase  lag  is 
approximately  20  degrees  greater  than  the  single-axis  case  for  all 
frequencies. 

The  gain  data  for  the  dual-  and  single-axis  stimuli  do  not  agree  very 
well  with  previously  published  results.  Perhaps  the  primary  source  for 
disagreement  is  the  fact  that  previous  investigators  compute  the  ti  ''.nsfer 
function  by  the  amplitude  ratio  between  output  response  and  input  stimuli. 
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assuming  that  the  output  waveform  Is  linearly  correlated  with  the  Input 
waveform.  The  power  spectral  analysis  assumes  linearity  between  Input  and 
output;  however,  the  coherence  function  computed  In  conjunction  with  the 
system  transfer  function  Inulcates  the  validity  of  this  linearity 
assumption  at  each  computed  frequency  and  therefore,  indicates  the  frequency 
regions  In  which  the  linearity  assumption  Is  valid. 

A typical  coherence  function  is  shown  on  Figure  3.  It  should  be 
noted  that  the  coherence  is  relatively  large,  indicating  that  the  system 
can  be  approximated  as  a linear  system  up  to  a 1 Hz  stimulus  frequency. 

The  mean  values  of  the  single-axis  coherences  are  approximately  0.75  for 
both  vertical  and  horizontal  pursuit  tasks,  and  the  dual-axis  coherences 
are  approximately  0.84  for  both  axes  (Table  I).  These  results  show  a 
greater  degree  of  linearity  for  the  dual-axis  case  than  the  single-axis 
case.  The  cross-coupling  coherence  functions  show  a mean  value  of 
approximately  0.15  so  that  axis  cross-coupling  seems  to  have  a minor 
effect  on  dual-axis  responses  (the  cross-correlation  function  results  also 
verified  this  conclusion). 

The  time  delays  (Table  II)  for  single-axis  eye  pursuit  of  110  milli- 
seconds In  the  horizontal  direction  and  140  milliseconds  in  the  vertical 
direction.  The  dual-axis  case,  on  the  other  hand,  shows  delays  of  180 
milliseconds  in  the  horizontal  direction  and  200  milliseconds  in  the  ver- 
tical direction.  Clearly,  the  dual-axis  delays  are  longer  than  those  for 
single-axis  responses,  and  the  vertical  axis  delays  are  slightly  longer 
than  the  horizontal  axis  delays.  The  difference  in  delays  between  dual- 
axis  and  single-axis  tracking  may  imply  additional  processing  time  required 
by  a stimulus  trajectory  orthogonal  component  processor  operating  on  the 
stimulus  trajectory  vectors  to  produce  component  stimuli  in  the  vertical 
and  horizontal  directions  during  dual-axis  pursuit  tasks. 

The  equivalent  time  delays  computed  from  the  phase  data  under  the 
assumption  that  the  phase  lag  is  produced  only  by  a time  delay  factor  for 
the  single-  and  dual-axis  cases  agree  with  the  time  delays  computed  ftxb 
the  cross-correlation  computations. 


Head  Movement  Responses 

The  transfer  function  frequency  graphs  for  single-axis  head  pursuit 
are  shown  in  Figure  4.  The  vertical  response  gain  is  greater  than  the 
horizontal  response  gain;  however,  the  gains  for  the  head  system  are  lower 
than  chose  for  the  eye  system  for  similar  single-axis  cracking.  The  phase 
lag  is  a linear  function  of  frequency  similar  to  the  eye  responses. 

The  dual-axis  frequency  response  shows  a higher  gain  than  the  hori- 
zontal response,  and  both  the  vertical  and  horizontal  gains  increase  during 
Che  dual-axis  task  when  compared  to  their  single-axis  counterparts.  The 
phase  lag  is  also  a linear  function  of  frequency  just  as  in  the  other 
cases. 
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The  single-axis  response  has  approximately  15  degrees  greater  phase 
lag  than  the  dual-axis  response,  and  this  trend  is  the  reverse  of  that 
shovm  for  the  eye  movement  responses. 

The  dual-axis  coherences  (Table  111)  are  greater  than  the  single-axis 
c<^herences,  and  the  horizontal  coherence  is  greater  than  the  vertical 
coherence  for  the  dual-axis  case. 

The  time  delays  associated  with  dual-axis  performance  are  less  than 
those  for  single-axis  by  approximately  SO  milliseconds  (Table  IV).  The 
time  delays  computed  from  the  phase  data  are  approximately  70  milliseconds 
less  than  those  computed  from  the  cross-correlation  functions.  However, 
this  is  not  considered  a serious  discrepancy.  The  lower  coherence  values 
for  head  movements  when  compared  to  eye  movements  in  similar  pursuit 
tasks  seem  to  indicate  a slightly  greater  degree  of  nonlinearity  for  the 
head  movement  system,  and  this  additional  nonlinearity  may  account  for  the 
discrepancy  between  time  delays  as  computed  from  the  cross-correlation 
and  phase  lag  results. 


DISCUSSION 


Eye  Movement  Responses 

Prior  to  performing  the  experimental  investigation  presented  here, 
the  authors  expected  that  much  of  the  two-axis  experimental  data  analysis 
would  be  a verification  of  previous  reports.  The  eye  frequency  responses 
were  expected  to  be  of  constant  gain  up  to  1 Hz  beyond  which  the  gain  would 
decrease  with  a rather  steep  negative  slope.  The  present  data  Indicate 
that  the  transfer  function  gain  curve  is  nearly  constant  up  to  1 Hz,  and 
the  coherence  functions  verify  that  the  system  is  nearly  linear  up  to  a 
1.5  Hz  frequency  (coherence  values  as  low  as  0.8  are  acceptable  for 
linearity  assumption).  The  low  values  of  coherence  beyond  1.5  Hz  cause  a 
rejection  of  these  transfer  function  computations;  therefore,  the  authors  ■ 
feel  that  a linear  transfer  function  is  valid  only  up  to  a 1.5  Hz  frequency. 

The  phase  data  seem  to  agree  fairly  well  with  previous  reports,  but 
the  linear  function  of  phase  vlth  frequency  was  unexpected  since  this 
result  indicates  that  the  phase  lag  was  produced  solely  by  a time  delay 
factor.  An  excellent  correlation  of  the  time  delays  computed  from  the 
phase  data  with  the  cross-correlation  time  delays  is  certainly  strong 
evidence  for  believing  that  the  phase  lag  is  only  due  to  a time  delay  in 
the  transfer  function. 

A longer  time  delay  for  dual-axis  tasks  suggests  the  possibility  of 
an  Internal  orthogonal  axis  component  processor  engaged  in  computing  the 
horizontal  and  vertical  axis  components  of  the  trajectory  vector 
associated  with  the  stimulus.  The  extremely  small  values  for  the  coherence 
functions  associated  with  cross-coupling  of  the  vertical  and  horizontal 
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axis  stimuli  and  responses  also  suggest  this  vector  processor. 

Thus,  these  experimental  results  suggest  that  the  vertical  and 
horizontal  eye  movement  systems  operate  as  Independent  control  systems 
with  very  little  cross-coupling  between  the  orthogonal  reference  axes. 

The  coherence  function  Indicates  that  the  dual-axis  responses  have 
greater  linearity  than  single-axis  responses,  suggesting  that  single-axis 
responses  might  have  some  prediction  artifact  in  the  response  data  due  to 
the  £ priori  knowledge  that  the  stimulus  is  constrained  to  move  on  a single 
reference  axis.  The  horizontal  and  vertical  eye  movement  system  responses 
for  smooth  pursuit  seem  to  indicate  that  the  transfer  function  consists  of 
a gain  term  coupled  to  a time  delay.  The  vertical  and  horizontal  gains  have 
different  values  with  the  vertical  gain  being  larger  than  the  horizontal 
gain. 


Head  Movement  Responses 

The  Important  results  from  the  head  pursuit  experiments  are  that  the 
coherence  functions  and  gains  for  the  horizontal  and  vertical  axes  differ. 
Since  the  vertical  coherence  Is  less  than  the  horizontal  coherence, 
horizontal  head  position  control  is  more  linear  than  the  vertical  axis 
control.  The  coherence  functions  Increase  when  switching  from  a single- 
axis pursuit  mode  to  a dual-axis  mode,  and  this  is  certainly  a significant 
result. 

Another  unexpected  result  Is  that  the  delays  for  the  dual-axis  task 
is  less  than  the  single-axis  task.  In  view  of  the  eye  data,  cne  would 
expect  the  opposite  trend  to  occur. 

The  fact  that  the  time  delays  computed  from  the  head  pursuit  phase 
data  do  not  match  the  corresponding  cross-correlation  computed  delays 
could  be  attributed  to  the  slightly  smaller  coherence  functions  for  the 
head  as  compared  to  the  eye  data. 


FUTURE  RESEARCH 


As  a result  of  the  intent  to  specify  design  criteria  for  VCS  and  to 
test  candidate  hardware  for  suitability  as  control  activators,  further 
Investigations  are  planned. 

The  authors  intend  to  investigate  the  effects  of  stimulus  fleld-of-view, 
stimulus  bandwidth  and,  for  the  head  ;;iirsult  system,  effects  of  helmet 
weight.  The  final  phase  will  be  the  formulation  of  models  for  the  eye  and 
head  neurological  control  systems  which  are  derived  from  both  time  and 
frequency  domain  analyses.  It  Is  anticipated  that  this  model  will  be  used 
to  develop  a human  operator  simulation  for  VCS  controls  to  perform  system 
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analysis  evaluations  of  proposed  VCS  hardware  configurations  and  to 
determine  parametric  changes  in  the  human  operator's  performance  when 
subjected  to  changes  in  the  environment  or  control  task. 
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TABLE  I.  EYE  PURSUIT  COHERENCE 


MEAN 

STD.  DEV. 

RANGE 

Single- Axis : 

Horizontal 

0.75 

0.11 

0.52  - 0.94 

Vertical 

0.74 

0.15 

0.46  - 0.93 

Dual- Axis : 

Horizontal 

0.83 

0.12 

0.44  - 0.91 

Vertical 

0.84 

0.08 

0.67  - 0.94 

TABLE  II. 

EYE  PURSUIT  DELAY 

Horizontal 

Vertical 

Single-Axis 

110  msec. 

140  msec. 

Dual-Axis 

180  msec. 

200  msec. 

TABLE  III. 

HEAD  PURSUIT  COHERENCE 

MEAN 

STD.  DEV. 

RANGE 

Single-Axis : 

Horizontal 

0.63 

0.13 

0.45  - 0.87 

Vertical 

0.53 

0.12 

0.31  - 0.67 

Dual-Axis: 

Horizontal 

0.82 

0.07 

0.63  - 0.89 

Vertical 

0.67 

0.13 

0.43  - 0.86 
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TABLE  IV.  HEAD  PURSUIT  DEUY 


Single-Axis 

Dual-Axis 


Horizontal 
280  nsec. 
240  msec. 


Vertical 
290  msec 
240  msec 
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EFFECTS  OF  LOW  FREQUENCY  VIBRATION  OF  A LIMB 

by  Cyan  C.  Agarwal  and  Gerald  L.  Gottlieb 
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Rush-Presbyterlan-St . Luke's  Medical  Center 
Chicago,  Illinois  60612 

and 
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Chicago,  Illinois  60680 


SUMMARY 


Low  frequency  oscillations  (3  to  30  Hz)  were  applied  on  the  ankle 
Joint  in  plantarflexion-dorslflexlon  rotation  using  a torque  motor.  The 
torque,  the  angular  rotation  and  the  evoked  electromyogram  from  the  gastro- 
cnemlus-soleus  and  the  anterior  tlbial  muscles  were  recorded. 

Significant  nonllnearitles  were  observed  in  the  angular  rotation  from 
8 • 12  Hz.  The  following  methods  are  used  for  data  analysis:  1)  two-cycle 

averaged  response,  2)  Fourier  transform  and  3)  Fourier  analysis  at  the 
driving  frequency. 

Important  observations  are:  1)  resonance  near  6 - 8 Hz,  2)  slowly 

increasing  amplitudes  of  oscillation  near  resonance,  3)  self-sustaining 
oscillations  after  the  motor  is  turned  off,  particularly  in  the  fatigued 
limb,  4)  distortion  of  angular  rotation  during  which  there  are  spontaneous 
recurrences  of  oscillation  at  the  driving  frequency. 
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INTRODUCTION 


There  has  been  a growing  concern  In  recent  years  regarding  the  effects 
of  vibration  upon  human  operators.  Nearly  everyone  is  exposed  at  one  time  or 
another  to  some  from  of  vibration  and  infact,  there  are  several  million 
individuals  (estimated  8 million  in  U.S.  alone  (Wasserroan  and  Badger,  1973a) 
who  throughout  their  working  lives  are  continuously  exposed  to  vibrational 
stresses:  truck  drivers,  heavy  construction  machine  operators,  and  hand  tool 

operators,  to  name  a few. 

An  individual  jnay  be  subjected  to  whole  body  vibration  or  the  vibra- 
tional stresses  may  be  directed  to  one  or  more  segments  of  the  body.  Long 
term  exposures  to  vibration  in  workers  produce  many  pathological  and  psycho- 
logical syndromes  (Taylor,  1974,  Vasserman  and  Badger,  1973b). 

Most  studies  on  the  effects  of  vibration  have  been  limited  to  the 
effects  of  long  term  exposures  and  their  clinical  manifestations.  Our 
knowledge  of  the  direct  effects  of  vibration  on  the  htmmn  motor  system  is 
very  limited.  Vibration  is  a potent  stimulus  to  the  muscle  spindles  and 
therefore  is  quite  capable  of  producing  significant  changes  in  the  control 
and  coordination  of  movements. 

In  this  paper  we  will  examine  the  effects  of  low  frequency  oscillation 
of  a limb;  rotation  around  the  ankle  joint.  High  frequency  vibration 
(50  - 200  Hz)  applied  directly  to  the  muscle  belly  or  muscle  tendon  produces 
tonic  vibration  reflex  and  significantly  alters  the  Hoffmann  and  tendon-jerk 
'eflexes  (Agarwal  and  Gottlieb,  1975,  Hagbarth,  1973,  Lance,  Burke  and 
Andrews,  1973). 


METHODS 


Experiments  were  done  on  six  normal  human  subjects.  The  subject  sat 
in  a chair  with  his  right  foot  strapped  to  a foot-plate  which  permitted  only 
dorslflexlon-plantarflexion  about  the  ankle  joint.  A schematic  of  the  equip- 
ment used  is  shown  in  figure  1. 
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The  plate  Is  rotated  by  a D.C.  torque  motor  via  a gearbelt  and  pulley 
system  for  torque  amplification.  Constant  tension  springs  (not  shown  in  the 
figure)  are  also  used  to  balance  the  downward  gravitational  force  on  the 
foot.  With  the  motor  off  and  the  subject  completely  relaxed,  the  resulting 
joint  position  is  defined  as  the  zero  angular  position  and  this  reference  is 
provided  as  a fixed  dot  on  a dual  beam  oscilloscope.  The  second  beam  is 
used  to  display  his  angular  position. 

The  subject  was  instructed  to  maintain  a constant  mean  force  against 
the  bias  torque  of  the  motor  so  that  the  oscillation  is  nearly  symaetrlcal  in 
plantar-dorsal  amplitude  of  rotation  with  respect  to  the  reference  angular 
position. 

Sinusoidal  signals  were  superimposed  on  the  mean  torque  level.  Fre- 
quencies from  3 to  30  Hz  were  used.  In  some  experiments,  frequencies  down 
to  1 Hz  were  used.  The  torque,  the  resulting  angular  rotation  and  rectified, 
filtered  electromyograms  from  the  surface  of  the  gastrocnemius-soleus  and  the 
anterior  tlbial  muscles  were  continuously  recorded  on  a digital  tape.  The 
angle  and  the  torque  signals  were  sampled  at  a rate  of  250  Hz  and  the 
filtered  EMGs  at  a rate  of  500  Hz. 

The  data  was  continuously  recorded  for  10  seconds  or  more  at  each 
frequency.  After  10  seconds,  we  frequently  recorded  the  data  going  through 
a St  start  and  stop  again  of  the  modulafng  signal.  The  bias  voltage 
w'.s  :onstant  throughout  the  run.  This  aliw./ed  us  to  observe  self-generated 
oscillations  as  discussed  in  the  results  section. 

Whereas  the  applied  torque  signal  was  nearly  a single  frequency 
sinusoid,  the  angular  rotation  at  certain  frequencies  had  significant 
distortion.  For  this  reason  the  following  analyses  were  do.'ie. 


1.  Fourier  coefficients  at  the  fundamental  frequency  were 
obtained  from  the  torque,  the  angular  rotation  and  the 
EMC  data  for  the  first  10  seconds.  The  analysis  was 
done  for  twenty  half-second  data  records  and  the 
resulting  numbers  were  averaged. 

2.  A two  cycle  time  average  was  generated  for  a 10  second 
data  record  by  taking  successive  intervals  equal  to 
twice  the  modulation  period. 

3.  An  average  Fourier  Transform  was  obtained  by  using 
five  two-second  data  records  with  the  incremental  re- 
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3.  (continued) 

solution  frequency  of  0.4883  Hz. 

In  some  experiments » vibration  near  the  resonant  frequency  was  ap- 
plied continuously  for  100  seconds  or  more  to  develop  muscle  fatigue  and  to 
observe  the  self-generated  oscillations  after  the  modulating  signal  of  the 
motor  was  stopped. 


RESULTS 


The  average  wave  shapes  for  the  torque,  angular  rotation  and  the  two 
EMG's  are  shown  in  figure  2 (A-H).  The  motor  drive  is  0.5  + 0.4  sin  2irft 
and  the  frequencies  are  4,  5.5,  6,  6.5,  7,  10,  12  and  15  Hz.  The  corres- 
ponding Fourier  Transforms  are  shown  in  figure  3 (A-H). 

The  two  cycle  averages  and  the  fourier  transforms  indicate  that  the 
angular  rotation  at  certain  input  freqtiencles  (8  - 12  Hz)  contains  signifi- 
cant subharmonic  and  higher  harmonic  cooq>onents.  Other  Interesting  features 
of  this  data  are  shown  in  figures  4-6. 

Figure  4 shows  the  slowly  Increasing  amplitudes  of  oscillation  when 
modulation  is  turned  on  near  the  resonant  frequency  of  6.5  Hz.  The  peak 
EMG  of  the  gastocnemlus-soleus  muscle  also  increases  in  tunplitude  as  the 
oscillation  builds  up. 

Figures  5 and  6 show  the  distortion  in  the  angular  rotation.  In 
figure  5,  the  drive  frequency  is  11  Hz  and  the  oscillation  starts  out  at  the 
same  frequency  with  corresponding  EMG.  Due  to  the  time  varying  changes  in 
the  muscle  stiffness  as  the  muscle  contracts  during  each  cycle,  the  nonlinear 
behavior  becomes  progressively  dominant  with  alternate  stretch  cycles  less 
effective.  The  EMG  pulses  are  also  at  half  the  driving  frequency. 

In  figure  6,  the  driving  frequency  is  10  Hz.  The  spontaneous  re- 
currences of  oscillation  at  the  driving  frequency  (indicated  by  underlines) 
with  corresponding  10  Hz  frequency  in  the  soleus  EMG,  are  observed  for  a 
few  cycles  in  between  the  periods  of  nonlinear  oscillation. 

Figure  6 also  shows  the  free  oscillation  of  the  foot  after  the  modu- 
lating signal  to  the  torque  motor  is  turned  off  as  indicated  by  the  arrow. 
This  free  oscillation  for  the  first  two  seconds  after  modulation  is  stopped 
is  at  6.15  Hz  as  determined  by  Fourier  transform  analysis. 

Figures  2-6  clearly  point  out  the  nonlinear  nature  of  the  system. 

As  a first  order  approximation,  a linear  systems  analysis  is  attempted  here. 
From  the  data,  the  Fourier  coefficients  at  the  driving  frequencies  are  ob- 
tained and  compared. 
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The  compliance  of  the  muscle  is  defined  by  taking  the  ratios  of  the 
angular  rotation  and  the  torque  coefficients  and  using  the  follcwlng  lela- 
tlon: 

■ Coiq>liance  of  the  muscle 


- 9 X R 1.9876  X R 

57.29  X 0.4667  * x 

" (e/x)xl.8xl0  meters/newton 


The  numbers  In  the  e]q>resslon  are  the  scale  factors  to  convert  angu- 
lar rotation  in  radians  and  torque  in  newton  meters.  R is  the  radius  of 
action  for  the  muscle.  For  plantar  as  well  as  for  dorsal  movements,  this 
radius  is  roughly  5 cm.,  although  it  Is  a function  of  the  foot  angle  (Hoglns, 
1969). 

Figures  7 and  8 show  the  muscle  compliance  for  six  experiments  when 
the  amplitude  of  modulation  Is  kept  constant  and  the  bias  voltage  is  changed 
from  -0.5  to  0.75  volts.  For  the  relaxed  foot  with  zero  bias  voltage,  the 
resonant  frequency  is  at  4 Hz.  For  tonlcally  active  muscle,  the  resonant 
frequency  is  aroxmd  5.5  to  6.25  Hz. 

Figure  9 shows  the  phase  lag  of  the  angular  rotation  with  respect  to 
the  input  torque  and  the  phase  lag  of  the  IMG  with  respect  to  the  angular 
rotation  for  a drive  of  0.5  0.5  sin  2irft. 

Figure  10  shows  the  muscle  coaq>llance  for  the  case  when  the  bias  is 
kept  constant  at  0.5  volts  and  the  amplitude  of  modulation  Is  varied  with 
values  of  0.2,  0.4,  0.5  and  0.6  volts.  At  0.2  volts  modulation,  the  peaks 
in  the  compliance  curve  are  at  9 and  12  Hz;  at  0.4  volts  modulation  the  peaks 
are  at  6 and  6.5  Hz;  at  0.5  volts  modulation  peak  Is  at  6.25  Hz  and  at  0.6 
modulation  the  peaks  are  at  6.25  and  9 Hz. 

Figure  11  shows  the  compliance  versus  frequency  of  the  data  In 
figures  2 and  3.  Also  shown  Is  the  soleus  EMC  stretch  gain  of  this  data. 

It  must  be  emphasized  that  this  gain  Is  defined  by  taking  the  ratios  of 
Fourier  coefficients  at  the  drive  frequency.  The  rectification  of  the  EMC 
produces  hi^er  harmonics  which  are  not  accounted  for  In  defining  this 
ratio.  Figure  12  shows  the  angle  data  at  this  drive  of  0.5  0.4  sin  2itft 

similar  to  figure  9 for  a different  subject. 

In  figure  6,  there  is  a self-sustaining  oscillation  of  the  ankle 
Joint  after  the  motor  Is  turned  off  which  lasts  for  several  seconds.  Figure 
13  shows  the  fourler  transform  of  2 seconds  of  the  data  after  the  modulation 
Is  turned  off.  The  torque  and  the  angular  rotation  at  the  driving  frequency 
of  10  Hz  are  0.0055  newton  meters  and  0.13  degrees.  The  peak  amplitude  in 
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the  Fourier  transform  is  at  6.15  Hz.  The  nearest  drive  frequencies  tested 
were  5.5,  6,  6.25  and  6.5  Hz.  The  resonant  frequencies  were  6 and  6.. 5 Hz. 


DISCUSSION 


Table  I shows  the  Fourier  coefficients  of  the  data  of  figures  2 and 
3.  Note  that  the  maximum  oscillation  is  at  6 Hz  and  the  minimum  torque  is 
at  6.5  Hz.  Near  the  resonant  frequency,  the  gastrocnemius-soleus  EMG  is 
also  maximum.  The  nonlinearity  of  the  data  is  quite  pronounced  near  10  - 12 
Hz  as  shown  in  the  Fourier  transforms  of  figure  3. 

The  details  for  this  nonlinear  behavior  have  not  yet  been  investiga- 
ted. The  generation  of  subharmonics  at  these  frequencies  is  most  likely 
due  to  time  varying  changes  in  the  conq;>llance  of  the  contracting  muscle.  ^ 
The  cr>mpllance  of  the  human  arm  as  calculated  from  Wilkie's  data  is  0.5  x 10~ 
CO  1.5  X 10  ' meter/newton  (Wilke,  1950;  Gottlieb,  et  al,  1969).  The  com- 
pliance decreases  as  the  tension  Increases.  For  a tendon  jerk  in  the  soleus 
muscle  the  time  to  peak  twitch  is  also  a function  of  tonic  tension  and  varies 
from  180  - 220  msec  being  smaller  for  the  plantar flexion  (Agarwal,  et  al, 
1970). 

The  slow  ':ulld  up  in  the  amplitude  of  oscillation  near  the  resonant 
frequency  (see  figure  4)  is  a common  phenomenon  in  nonlinear  systems.  The 
'Jump'  phenomenon  has  been  reported  near  the  resonant  frequency  of  the  wrist 
movement  (Walsh,  1973,  1974).  Joyce,  Rack  and  Ross  (1974)  have  observed 
resonance  of  the  elbow  Joint  near  8 - 12  Hz. 

The  self-sustaining  oscillation  as  seen  in  figure  6 have  been  seen 
by  Joyce  et  al  (1974)  in  the  wrist  movement  as  wall.  Such  oscillations  are 
due  to  the  regenerative  effects  of  the  feedback  loop.and  imply  instability 
of  the  loop. 

Walsh  (1973)  and  Joyce,  et  al  (1974)  did  not  study  single  frequencies 
and  swept  the  frequency  range  in  only  a few  seconds.  As  seen  in  figures  5 
and  6,  the  nonlinear  movements  develop  only  after  a few  cycles  and  there- 
fore these  effects  were  not  observed. 

The  phase  angle  between  the  soleus  EMG  and  rotation  in  figures  9 and 
12  can  be  mostly  accounted  for  by  the  conduction  time  lag  of  about  55  maec 
around  the  neural  loop.  Below  the  resonant  frequency,  angular  rotation 
lags  the  torque  by  150-180  degrees.  This  phase  relationship  changes  abrupt- 
ly near  the  resonant  frequency.  Beyond  the  resonant  frequency,  this  phase 
lag  between  6 and  t is  about  30  degrees  and  approaches  zero  degrees  near  30Hz. 

Such  sudden  changes  in  phase  are  characteristic  of  marginally  stable 
systems  near  resonance.  This  behavior  coupled  with  the  existence  of  self- 
sustaining  oscillations  which  are  emphasized  with  fatigue  (in  one  experiment 
a subject  continued  to  oscillate  for  58  seconds  until  he  finally  halted  it) 
is  surprising.  Conservative  engineering  design  tends  to  emphasize  stability 
and  this  normally  characterizes  our  view  of  most  physiological  regulating 
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mechanisms . 

An  alternative  view  of  many  such  regulators  Is  that  they  are  Inherently 
unstable  within  some  of  their  Inner  loops.  Homeostasis  Is  preserved  however 
by  the  existence  of  outer  loops  which  become  active  only  near  the  boundaries 
of  some  allowable  state  space.  Thus  the  Inherent  Instability  Is  not  observed 
except  In  cases  of  pathology  or  perhaps  In  experiments  such  as  described 
here.  Certainly  none  of  our  subjects  has  ever  hsd  any  history  of  neuro- 
muscular Illness  nor  have  they  any  present  complaints.  None  show  ankle  tre- 
mor and  none  have  difficulty  walking  or  driving.  But  all  have  experimentally 
demonstrated  clonus.  This  Is  a most  Interesting  paradox. 
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TABLE  I 
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Fourier  coefficients  of  the  data  In  figure  2.  The  motor  drive  was  0.5  + 0.4 
sin  2irft.  FC  denotes  the  Fourier  coefficient  at  the  drive  frequency  and  DC 
Is  the  average  value. 


FREQ 

GS-EMG 

FC 

GS-EMG 

DC 

Rotation 

(deg) 

FC 

Torque 

(N.M) 

FC 

Torque 

(N.M) 

DC 

Cooq>llance 

(M/N) 

X 10”^ 

4 

0.19 

0.39 

1.6 

0.12 

0.16 

5.3 

5 

0.51 

0.51 

2.6 

0.13 

0.19 

8.2 

5.5 

0.76 

0.63 

3.5 

0.11 

0.19 

13.5 

6 

1.0 

0.78 

4.7 

0.04 

0.2 

47.5 

6.25 

0.9 

0.74 

4.0 

0.06 

0.18 

28.7 

6.5 

0.95 

0.77 

4.4 

0.03 

0.18 

54.3 

6.75 

0.95 

0.76 

3.7 

0.06 

0.2 

26.7 

7 

1.2 

0.95 

3.8 

0.06 

0.19 

24.8 

8 

1.0 

0.80 

1.7 

0.08 

0.53 

9.0 

10 

0.5 

0.61 

1.3 

0.12 

0.17 

4.6 

12 

0.63 

0.66 

0.81 

0.13 

0.18 

2.5 

15 

0.17 

0.37 

0.53 

0.12 

0.20 

1.8 

25 

0.19 

0.34 

0.33 

0.13 

0.17 

1.1 

30 

0.16 

0.34 

0.3 

0.11 

0.16 

1.1 
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Figure  1 

A schematic  of  the  apparatus  used  for  the  forced  oscillations  of 
the  ankle  joint.  The  components  are:  D.C.  Torque  Motor  (M)  dri- 

ven by  a Bulova  power  amplifier * electromyogram  is  recorded  using 
disc  surface  electrodes  placed  over  the  bellies  of  the  soleus  and 
anterior  tibial  muscles » EtK!  amplifiers  (A)  are  Tektronix  2A61 
(bandwidth  60-600  Hz) , filters  (F)  are  third  order  aver  :gipg  (10 
msec  averaging  time) , display  oscilloscope  (D)  is  a dual  beam 
Tektronix  502,  digital  computer  (C)  is  S'*C-16. 
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Figure  3 

The  averaged  fourier  tranafoma  for  five  2-aecond  data  recorda  at 
Input  frequenclea  of  4,  5.5,  6,  6.S,  7,  10,  12,  and  15  Hz.  The 
four  tracea  from  top  to  bottom  In  each  part  are  torque  In  newton 
netera,  foot  angle  In  degreea,  rectified  and  filtered  EMG  from  the 
anterior  tlblal  and  the  gaatrocnemlua-aoleua  muacles.  The  drive 
waa  0.5  0.4  aln  ut. 
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Flgurs  4 

Slowly  Increasing  anplltude  of  oscillation  near  the  resonant  fre— 
qxiency  of  6.5  Hz.  The  upper  trace  Is  the  EMG  of  the  gastrocnenlus- 
soleus  muscle  (rectified  and  filtered) and  the  lower  trace  is  the 
angular  rotation.  The  drive  was  0.5  + 0.5  sin  ut. 


"f-.' 

V 


DRIVE sO.5^0.4  SinUT 
11  Hz 

e 121  DEG 


Figure  5 

Forced  oscillation  of  the  ankle  joint  at  11  Hz.  The  drive  was 
0.5  -f  0.4  sin  ut.  The  upper  trace  shows  the  EMG  activity  of  the 

gastrocnenius-soleus  muscle  (rectified  and  filtered)  and  the  lower 
trace  shows  the  angular  rotation.  The  time  toarkers  are  one  aecond 
apart  from  left  to  right. 
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Figure  6 

Forced  oscllleelon  of  the  ankle  joint  at  10  Hz.  The  motor  drive 
was  0.5  •¥  0.4  sin  ut.  The  upper  trace  shows  the  EMG  activity  of 
the  gastrocnemlus-soleus  muscle  (rectified  and  filtered).  The  lo- 
wer trace  shows  the  angular  rotation.  The  time  markers  are  one 
second  apart  from  left  to  right.  The  arrow  indicates  the  time 
when  the  modulation  signal  of  the  motor  was  turned  off.  The  self- 
sustaining  oscillation  of  the  ankle  joint  continued  for  several 
seconds  near  6.15  Hz.  As  the  motor  was  turned  on  again,  the  non- 
linear waveform  developed  rapidly.  Tlte  recurrences  of  10  Hz 
oscillations  in  between  the  nonlinear  response  are  indicated  by 
line  segments  underneath  the  angle  trace. 
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FREQUENCY  (Hz) 


Flf  c*  7 

ft 

Effective  compliance  (angular  rotation/torque  gain)  In  meters/ 
newton  as  a function  of  the  Input  frequency.  The  amplitude  of  the 
modulation  signal  to  the  motor  was  dept  constant  at  0.5  volts. 

The  motor  bias  voltages  for  the  four  cases  were:  x 0 volts* 

0.25  volts*  L 0.5  volts*  and  * 0.75  volts.  For  positive  non- 
zero bias  the  gastrocnei&ius-soleus  muscle  was  tonlcally  active  to 
maintain  the  zero  angular  foot  position.  The  resonant  frequencies 
for  these  four  cases  were  4*  5.5*  6.25*  and  6.75  Hz*  respectlvsly. 
(Subject  GLG) 
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Effective  conpllance  (angular  rotation/ torque  gain)  in  natera/ 
newton  aa  a function  of  the  input  frequency.  The  anplitude  of  the 
modulation  aignal  to  the  motor  vaa  kept  conatant  at  0.5  volta. 

The  motor  biaa  voltagaa  for  the  three  caaea  were:  x 0 volta » 

P -0.25  volte,  and  ^ -0.5  volta.  For  negative  nonzero  biaa  the 
anterior  tibial  muacle  waa  tonically  active  to  maintain  the  aero 
angular  foot  poaition.  Tha  reaonant  frequenciea  for  theae  thrac 
caaea  were  4,  6,  and  6 Hz,  raapactively.  (Subject  GLG). 
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Figure  9 

Phase  angle  between  angular  rotation  and  the  applied  torque  (X) 
and  between  the  aoleus  EtfG  and  the  angular  rotatlon(O)  as  a 
function  of  the  drive  frequency.  The  phase  relationship  was 
calculated  from  the  Fourier  analysis.  The  motor  drive  was  0.5  + 
0.5  sin  ^r.  (Subject  (3.G). 
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Figure  10 

Effective  compliance  (angular  rotation/ torque  gain)  In  meters/ 
newton  as  a function  of  the  drive  frequency.  The  motor  bias 
voltage  was  kept  constant  at  0.5  volts.  The  amplitude  of  the 
modulation  signal  for  the  four  cases  was:  x 0.2  volts,  D 0.4 

volts, A 0*^  volts,  and  * 0.6  volts.  The  gastrocnemlus-soleus 
muscle  was  tonlcally  active  against  the  motor  bias  to  stalntaln 
the  sero  angular  foot  position.  The  resonant  frequencies  for 
these  cases  were:  6.75  and  8 Hz  at  0.2  volts  isodulatlon,  6 and 

6.5  Ht  at  0.4  volts  modulation,  6.25  Hz  at  0.5  volts  modulation, 
and  6.25  Hz  and9  Hz  at  0.6  volts  modulation.  (Subject  GCA). 


] 


I 


I 


z 

< 

o 

z 

o 


cc 

K 

</} 

o 


C/> 

O 

UJ 


I 


□ 


FREQUENCY  (Hz) 


Figure  11 

Effective  compliance  (X)  and  soleus  EMG/stretch  gain 
of  the  input  frequency.  The  motor  drive  was  0.5+0 
The  compliance  resonant  frequencies  are  at  6 and  6.5 
leus  EMG/stretch  gain  peaks  are  at  8 and  12  Hz. 
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Figure  12 

Phase  angle  between  angular  rotation  and  the  applied  torque  (X) 
and  between  the  soleus  EMG  and  the  angular  rotation  (p)  aa  a 
function  of  the  drive  frequency.  The  motor  drive  was  0.5  + O.A 
sin  wt.  (Subject  GCA) 
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let’  transform  of  the  data  for  2 seconds  after  the  modulating 
Bi-wor  signal  is  turned  off  as  shown  in  Figure  4.  The  four  traces 
from  top  to  bottom  are  torque,  angular  rotation,  EMG  of  antC:rlor 
tlbial  and  EMG  of  gastrocnemius**muscle.  The  frequency  of  the  self 
sustaining  oscillation  was  6.15  Hz. 
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MANUAL  CONTROL  DISPLAYS 
FOR  A 

FOUR-DIMENSIONAL  LANDING  APPROACH 


James  T.  Silverthorn,  1st  Lt  USAF* 
School  of  Aeronautics  and  Astronautics, 
Purdue  University,  West  Lafayette,  Indiana 

Dr.  Robert  L.  Swalm** 

School  of  Aeronautics  and  Astronautics, 
Purdue  University,  West  Lafayette,  Indiana 


Six  Instrument  rated  pilots  flew  an  STOL  fixed  base  simulator  to  study 
the  effectiveness  of  three  displays  for  a four-dlmenslonal  approach.  The 
three  examined  displays  were  a digital  readout  of  forward  position  error,  a 
digital  speed  command,  and  an  analog  display  showing  forward  position  error 
and  error  prediction.  A flight  director  was  lised  In  all  conditions.  The 
feedback  laws  were  designed  using  a combination  of  optimal  and  manual  control 
theories.  All  test  runs  were  for  a "typical”  four-dlmenslonal  approach  in 
moderate  turbulence  that  Included  a change  In  commanded  ground  speed,  a 
change  In  flight  path  angle,  and  two  standard  rate  sixty  degree  turns.  Use 
of  the  digital  forward  position  error  display  resulted  In  large  overshoot 
In  the  forward  position  error.  Some  type  of  lead  (rate  or  prediction 
Information)  was  shown  to  be  needed.  The  best  overall  performance  was 
obtained  using  the  speed  command  display.  This  display  also  received  the 
best  Cooper-Harper  rating.  It  was  demonstrated  that  curved  approaches  can 
be  flown  with  relative  ease.  While  four-dlmenslonal  approaches  were 
described  as  difficult,  the  pilots  were  able  to  fly  the  approaches  with 
sufficient  accuracy  to  warrant  further  study. 
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SYMBOLS 

Forward  Speed  (m/sec) 

Flight  Path  Angle  (rad) 

Pitch  Angle  (rad) 

Angle  of  Attack  (rad) 

Sideslip  Angle  (rad) 

Turn  Rate  (rad/sec) 

Heading  Angle  (rad) 

Forward  Position  Error  (m) 

Lateral  Position  Error  (m) 

Vertical  Position  Error  (m) 

Elevator  Deflection  (rad) 

Flight  Director  Pitch  Command 
Aileron  Deflection  (rad) 

Flight  Director  Roll  Command 
Thrust  Input  (newtons) 

Speed  Command 

Undamped  Natural  Frequency  (rad/sec) 
Damping  Ratio 

(Time  Constant)  ^ (rad/sec) 

Standard  Deviation 

2 

Acceleration  of  Gravity  (m/sec  ) 

Subscripts 

Reference  Variable 
Error  Variable 
Phugold  Mode 
Short  Period  Mode 
Dutch  Roll 
High  Pass  Filter 
Forward  Gust 
Lateral  Gust 
Vertical  Gust 
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INTRODUCTION 

The  Microwave  Landing  System  (MLS)  will  set  the  stage  for  three  and 
four  dimensional  (4-D)  approaches.  This  guidance  system  provides  the  means 
for  noise  abatement,  wake  avoidance,  fuel  savings,  and  increased  airport 
capacity.  This  is  because  the  landing  approach  can  be  altered  from  the 
present  straight  in  approach  to  one  that  includes  turns,  changes  in  flight 
path  angle,  and  changes  in  speed.  Trajectories  can  be  designed  so  that 
small  aircraft  can  avoid  the  wake  of  larger  craft;  slower  aircraft  can 
^'capture  the  beam"  closer  to  the  runway;  and  an  added  dimension  to  safety 
minimums  can  be  incorporated. 

This  study  looks  at  the  practicality  of  a pilot  flying  a four  dimen- 
sional approach.  It  attempts  to  answer  the  questions  "How  well  can  a pilot 
fly  a 4-D  approach?"  and  "Which  of  the  displays  examined  results  in  the 
best  performance?"  Three-dimensional  and  4-D  approaches  have  been  examined 
by  other  researchers,  but  most  were  concerned  with  synthesizing  a trajectory 
and  then  seeing  how  well  an  autopilot  could  fly  it  (references  1-4).  A 
limited  number  of  studies  have  been  directed  toward  pilot  in  the  loop 
simulation.  Several  researchers  have  examined  pilot  tracking  performance 
using  a pictorial  map  or  situation  display  while  flying  curved  approaches. 
Such  displays  have  become  increasingly  attractive  with  the  development  of 
computer  generated  graphics.  Baty  (reference  5)  looked  at  the  effect  of 
prediction  and  map  orientation  on  tracking  performance  during  a 3-D 
approach.  This  display  concept  can  also  be  extended  to  4-D  approach.  The 
work  by  Kreifeldt  and  Wampe  (reference  6)  can  also  provide  information 
about  4-D  tracking  performance.  Three  pilots  flying  STOL  aircraft  were 
required  to  merge  with  two  other  aircraft  and  cross  an  approach  point  at 
30  second  intervals.  Each  pilot  was  presented  with  an  Air  Traffic  Situation 
Display  showing  all  aircraft  in  the  terminal  area.  The  curved  approaches 
and  time  interval  control,  while  not  purely  4-D  in  formulation,  produce 
4-D  like  trajectories.  All  these  e?;periments  demonstrate  that  a pictorial 
map  display  could  be  the  answer  for  4-D  guidance.  Anderson,  Will,  and 
Grantham  (reference  7)  performed  a 4-D  approach  simulation  where  time 
(forward  position)  error  and  speed  error  are  displayed  digitally  to  the 
pilot.  They  found  the  pilots  performed  satisfactorily  but  their  results 
were  somewhat  limited.  The  intent  of  Cunningham  and  Swaim  (reference  8) 
was  to  use  manual  and  optimal  control  concepts  to  design  flight  director 
gains  for  4-D  guidance.  Pilot  models  were  used  to  validate  the  design. 

This  present  study  is,  conceptually,  a continuation  of  their  work.  Three 
displays  are  examined  in  terms  of  pilot  tracking  performance  and  preference 
in  flying  a 4-D  approach.  One  display  is  a digital  readout  of  forward 
position  error  (situation  information  only)  and  represents  the  lowest  level 
of  sophistication.  The  second  display  is  a speed  command  display  and  is 
conceptually  similar  to  a flight  director.  The  third  1 an  analog  display 
showing  situation  and  prediction  information  on  a CRT.  It  would  be  the 
most  difficult  display  to  implement  on  an  aircraft. 
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FOUR  DIMENSIONAL  APPROACH 

One  way  to  define  a four  dimensional  approach  is  to  specify  where  the 
aircraft  should  be  as  a function  of  time.  This  establishes  a reference 
trajectory.  Figure  1 is  a four  dimensional  approach  because  the  aircraft 
should  be  a each  particular  point  on  the  trajectory  at  a particular  time. 
The  time  function  is  determined  by  the  reference  velocity  vector  (the 
velocity  time  history  the  aircraft  is  desired  to  follow).  This  is  done  by 
specifying  a reference  forward  speed  (U  ),  flight  path  angle  (y  ),  and 
turn  rate  (Yr).  Error  variables  are  then  defined  as  the  difference  between 
the  aircraft  and  the  reference  variable.  That  is: 


Y "Y-Y  “(9-a)-Y 
'e  r r 

Y 

e r 

Three  position  errors  result  from  this  reference  trajectory.  Forward 
position  error  (e  ) , lateral  position  error  (e  ) , and  vertical  position 
error  (e  ) are  ea^  the  distance  the  aircraft  is  ahead  of,  to  the  right  of, 
and  below  where  it  should  be.  The  differential  equations  describing  these 
variables  are: 


e » U • ('*'  + B)  - U • (4*  - S'  + B) 
y e r 

e «-U*Y  »U*(a-G+  y) 

z e r 


where  a,  0,  and  3 are  the  aircraft  angle  of  attack^  pitch  angle,  and  side- 
slip angle,  respectively. 


aircraft 

The  aircraft  modeled  in  this  study  is  the  Breguet  941,  a four  engine 
turboprop,  blown  flap,  STOL  aircraft.  It  has  been  examined  by  McDonnell 
Douglas  and  is  considered  representative  of  future  STOL  aircraft. 

Linearized  aerodynamics  are  used  to  simulate  the  equations  of  motion. 
Small  perturbations  about  some  trimmed  condition  are  assumed.  Linear 
differential  equations  for  these  perturbation  variables  are  then  obtained 
by  neglecting  all  higher  order  terms  in  the  complete  nonlinear  equations. 

The  trimmed  condition  assumed  was  a landing  approach  at  60  knots  (100  ft/sec; 
30.5  m/sec)  on  a -7  1/2  degree  flight  path  with  flaps  deflected  98  degrees. 

This  aircraft  is  characterized  by  its  low  damping  in  the  dutch  roll  and 
phugoid  modes  and  an  overcritlcally  damped  (two  real  roots)  short  period 
mode.  A yaw  damper  is  implemented  to  improve  the  dutch  roll  characteristics. 
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The  equations  used  in  this  simulation,  including  the  yaw  damper,  produce 
the  following  eigenvalues: 


longitudinal  lateral 


CJ  - .27 

p 

rad/sec 

"^dr  “ 

.81  rad/sec 

; - .23 

p 

^dr  * 

.53 

- 

1.02 

1/T^  - .16 

- 

.80 

I/T2  - .66 

The  forward,  normal,  and  lateral  gusts  are  simulated  by  gaussian  white 
noise  passed  through  first  order  low  pass  filters.  The  RMS  level  for  these 
gusts  is  given  by: 

0 ■ 7.5  ft/sec  o ■ 7.5  ft/sec  o ■ 5.0  ft/sec 

u V w 

g g g 

■ 2.28  m/sec  ■ 2.28  m/sec  « 1.53  m/sec 

The  primary  inputs  available  to  the  pilot  are  elevator  and  aileron 
deflections  using  a control  stick  and  power  changes  using  a throttle  lever. 
Rudder  pedals  are  also  present  but  were  not  used  to  any  great  extent  by 
the  pilots.  Because  of  the  multi  - airspeed,  multi  - flight  path  angle 
trajectory  that  is  characteristic  of  a four  dimensional  approach  (Figure  1), 
a flap  change  is  required.  The  Breguet  941  flies  the  beginning  portion  of 
this  approach  with  flaps  deflected  75  degrees  and  transitions  to  98  degrees 
flaps  at  the  time  of  descent.  To  provide  for  this  change,  a two  position 
flap  switch  is  located  in  the  simulator.  Flap  actuator  dynamics  are 
represented  by  a first  order  lag  with  a time  constant  of  3 seconds. 


SIMULATOR  DESCRIPTION 

A photograph  of  the  simulator  is  shouit  in  Figure  2.  The  primary 
variables  displayed  are  attitude  and  flight  director  commands  on  an  attitude 
director  indicator  (ADI);  vertical  and  lateral  position  errors  on  conven- 
tional ILS  needles;  forward  position  error  using  a digital  readout;  speed 
commands  using  a digital  readout;  and  forward  position  error  with  error 
prediction  on  an  analog  display.  These  last  thiee  displays  are  the 
experimental  variables  for  this  study.  In  addition,  the  instrument  panel 
Includes  indicators  for  airspeed,  vertical  velocity,  compass  heading,  and 
angle  of  attack,  along  with  an  altimeter,  tachometer,  and  needle-ball. 

The  feedback  gains  for  the  flight  director  were  obtained  using  a 
combination  of  optimal  and  manual  control  theories.  Optimal  control  was 
first  used  to  find  the  gains  that  produced  good  step  response  and  small 
deviations  due  to  gusts.  The  gains  were  then  adjusted  so  that  the  trans- 
fer function  (6  */6  ) (where  6 * is  the  flight  director  elevator  or  pitch 
command  and  <5  fs  t^e  pilot's  llevator  input)  demonstrates  the  desired 
"K/s"  behavior  in  the  crossover  region.  This  seems  to  have  been  an 
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effective  technique  because  it  resulted  in  favorable  comcients  concerning 
the  flight  director  from  several  of  the  pilots.  The  flight  director  aileron 
(roll)  commands  were  obtained  using  the  same  technique.  The  feedback  gains 
that  resulted  are; 

6 * - -.00A6e  - .100  e - .0443e  - .082e  + 3.50^  + 4.00 

e X X z z hp 

6 * - -.0043e  - .0722e  - 2.0  <l>  - 2.44>  - 1.74* 

a y y e e 

where:  0^^^  ■ {s/(s  + 1)}  • 0;  high  pass  (wash  out)  filter 

(j)  ■$-U*4'/g;$i8  roll  angle 

e r r 

It  should  be  noted  that  the  elevator  command  includes  feedbacks  from  both 
the  vertical  and  forward  position  errors.  The  forward  position  error  term 
results  in  a pitch  down  command  when  the  aircraft  is  behind  where  it  should 
be.  Tills  is  intuitively  correct  for  pitching  down  will  result  in  less  drag 
and  the  aircraft  will  catch  up  to  its  desired  position. 

ILS  needles  are  used  to  display  lateral  and  vertical  position  errors. 

The  task  was  to  keep  these  needles  nulled,  just  as  for  a normal  ILS  approach, 
even  though  *-his  was  a curved  approach. 

The  "Digital  Forward  Position  Error"  display,  shown  in  Figure  3,  is 
positioned  directly  above  the  ILS  needles.  A positive  number  indicates 
that  the  aircraft  is  behind  where  it  should  be  and  the  pilot  should  speed 
up.  The  display  is  Incremented  in  steps  of  10  feet  (3.05  m)  with  a maximum 
of  +2000  feet  (+710  m)  and  is  updated  once  per  second. 

A digital  readout  was  used  for  three  reasons.  First,  a DME  is 
displayed  digitally,  and  while  a DME  does  not  give  position  error,  it  does 
refer  to  a distance  measurement  in  the  forward  direction.  Secondly, 
today  it  seems  that  an  increasing  number  of  Instruments  /ire  being  imple- 
mented with  a digital  readout.  And  finally,  a person  can  detect  slow 
changes  on  a digital  readout  better  than  on  an  analog  scale.  This  point 
needs  explaining.  Usually  it  is  assumed  that  a digital  readout  is  a poor 
source  of  rate  information.  This  is  true  when  the  numbers  are  changing 
rapidly.  But  when  the  numbers  are  changing  very  slowly,  as  they  should  be 
if  the  pilot  is  making  gradual  changes,  then  I believe  a digital  display 
is  a good  source  of  rate  information.  For  example,  the  pilot  looks  at 
his  display  and  it  says  "+250."  He  scans  back  and  if  it  says  "+260"  or 
"+270"  he  knows  the  approximate  rate  of  change.  Vfhen  a pilot  scans  an 
analog  display  he  can  not  detect  such  a small  change  as  readily.  It  is 
difficult  for  an  analog  display  to  have  both  high  sensitivity  and  a 
large  dynamic  range. 

The  "Digital  Speed  Command"  display  is  shown  in  t^'lgure  4.  It  gives 
speed  commands  just  as  the  flight  director  gives  pitch  and  roll  commands. 
Furthermore,  just  as  one  should  try  to  null  the  flight  director,  one 
should  also  try  to  null  the  speed  command.  It  too  is  updated  once  per 


250 


second.  In  addlclon  to  the  three  reasons  presented  above,  a "digital" 
display  ot  speed  command  Is  desirable  because  It  reinforces  the  correspon- 
dence between  forward  position  error  and  speed  command.  In  both  cases  a 
positive  number  means  "catch  up."  Furthermore,  a digital  speed  command 
avoids  a problem  that  could  develop  using  an  analog  version.  The  original 
plan  was  to  use  a third  cue  on  the  flight  director,  similar  to  the 
collective  pitch  command  for  helicopters.  One  would  naturally  expect  this 
cue  to  move  upward  when  additional  power  is  commanded  (throttle  forward). 

The  flight  director  pitch  command  moves  upward  for  a pitch  up  command 
(stick  back).  This  means  the  throttle  would  go  forward  and  the  stick  back 
when  the  two  cues  went  upward.  The  problem  was  avoided  by  making  the  speed 
command  cue  a digital  command. 

The  feedback  gains  for  the  speed  (throttle)  command  were  designed  in 
conjunction  with  the  flight  director  pitch  command  using  the  same  tech- 
niques. The  transfer  function  (6^*/6  ),  where  6^*  is  the  speed  command 
(throttle  command)  and  6^  is  the  pilot's  throttle  inpui.,  was  designed  to 
have  a "K/s"  behavior  in  its  crossover  region.  Unlike  the  elevator  cross- 
over frequency  of  around  3 rad/sec,  the  throttle  command  has  a crossover 
frequency  of  about  .08  rad/sec.  This  lower  crossover  frequency  is  due  to 
the  slow  response  in  the  forward  direction  and  results  in  less  need  fo 
rapid  throttle  activity.  The  feedback  law  for  the  speed  command  is: 

6*  » 730. e + 584. e - 175. e - 1985. e 

t Z Z X X 

The  final  display  is  the  "Forward  Position  Error  with  Prediction." 
Shown  in  Figure  5,  it  is  presented  on  a CRT  directly  below  the  ADI.  An 
aircraft  symbol  is  fixed  in  the  center  with  a box  showing  where  the  air- 
craft should  be.  That  is,  if  the  box  is  ahead,  then  the  aircraft  is  behind 
where  it  should  be.  Just  as  with  the  ILS  needles,  where  the  pilot  flies 
to  the  needles,  the  pilot  should  fly  to  the  box.  Prediction  (or  rate) 
information  is  provided  by  the  line  extending  from  the  aircraft  symbol. 

The  tip  of  the  line  represents  where  the  aircraft  will  be  with  respect  to 
the  box  in  30  seconds.  If  the  rate  of  change  of  forward  position  error 
(e  ) is  positive  then  the  line  will  point  forward.  If  the  rate  of  change  is 
negative,  then  the  line  will  point  backward.  The  idea  is  to  have  the  line 
just  touching  the  box.  By  doing  this,  the  aircraft  will  catch  up  (or  slow 
down)  to  where  it  should  be  in  30  seconds.  This  was  found  to  be  a good 
rate  of  response. 

Finally,  some  description  should  be  made  of  the  autopilot  used  in 
this  study.  The  autopilot  provides  a baseline  for  the  pilot  performance 
evaluation.  There  are  many  advantages  of  keeping  the  pilot  in  the  loop. 

The  question  is,  how  much  do  you  lose  in  terms  of  tracking  accuracy  ’>y 
keeping  h'^m  in  the  loop.  This  is  answered  by  comparing  the  pilots'  per- 
formance to  that  of  an  autopilot. 

The  autopilot  design  used  for  this  study  included  elevator,  throttle, 
and  aileron  inputs.  Rudder  inputs  were  also  provided  by  an  alleron-rud^er 
interconnect.  The  feedbacks  for  these  controls  were  almost  identical  to 
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those  of  the  flight  director  and  speed  commands.  The  autopilot  gains  were 
in  fact  the  gains  resulting  from  the  preliminary  design  stage,  prior  to 
adjusting  to  obtain  a ”K/s"  behavior. 


EXPERIMENT 

This  study  attempts  to  answer  the  following  questions.  Which  of  the 
three  displays  examined  results  in  the  best  pilot  performance?  What  are 
the  advantages  and  disadvantages  of  each  display?  How  well  can  pilots 
perform  using  these  displays  compared  to  an  autopilot?  How  difficult  is  it 
to  fly  a four  dimensional  approach? 

Tbn  three  displays  discussed  previously  were  used  to  answer  these 
questions.  They  are: 

Display 

- Digital  Forward  Position  Error  (Figure  3) 

D2  - Digital  Forward  Position  Error  and 
Digital  Speed  Command  (Figure  4) 

D-  - Digital  Forward  Position  Error  and  Forward 

Position  Error  with  Error  Prediction  (Figure  5) 

In  all  cases  the  flight  director  provided  pitch  and  roll  commands.  In 
short,  display  D.  is  situation  Information  only  and  represents  a minimum 
addition  to  existing  equipment.  Display  D2  is  situation  with  speed  command 
and  display  D^  is  situation  with  prediction  Information. 

Six  instrument  rated  pilots  performed  in  this  study.  Their  experience 
varied  from  private,  military,  to  commercial.  The  average  total  flight 
hours  surpassed  1800  hours.  A detailed  description  of  the  simulator,  each 
display,  the  task,  and  the  purpose  of  the  experiment  was  first  distributed 
to  each  pilot.  The  task  was  described  as  "continuously  maintain  the  three 
position  errors  e , e , e as  close  to  zero  as  possible.'  They  were 
Instructed  to  conside¥  3o5  feet  (91.5  m)  of  forward  position  error  to  be 
of  equal  severity  as  two  dots  (80  feet;  24.4  m)  of  vertical  error. 

Each  pilot  spent  from  one  to  two  hours  getting  acquainted  with  the. 
simulator.  Following  this  practice,  one  hour  sessions  were  conducted 
using  each  of  the  displays.  The  order  the  displays  were  presented  was 
varied  to  Include  each  possible  combination  and  is  shown  in  Table  1.  The 
first  twenty  minutes  of  each  hour  session  was  spent  practicing  with  the 
particular  display  being  examined.  The  next  fifteen  minutes  the  pilot 
flew  at  least  five  runs  0.1  a typical  four  dimensional  app'*oach.  Maximum 
deviations  of  the  three  position  error'"  were  recorded  a^  a means  of 
determining  his  learning  curve.  When  it  appeared  that  the  pilots  perfor- 
mance reached  a plateau,  one  additional  run  was  made  on  the  actual  test 
trajectory  (Figure  1).  Then  the  six  actual  data  runs  were  performed. 
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The  pilot  was  given  about  ten  seconds  to  get  "In  the  loop."  Data  recording 
then  began  when  the  pilot  had  essentially  zeroed  out  all  the  position 
errors  that  had  accumulated.  The  researcher  gave  verbal  instructions  to 
the  pilot  at  ten  seconds  into  the  data  recording  to  "slow  down  to  60  knots" 
and  sixty  s'^conds  to  "start  your  descent  and  lower  your  flaps."  At  100 
seconds  the  run  was  completed. 

During  the  actual  test  runs  the  three  position  errors  were  sampled 
ten  times  per  second  and  converted  to  digital  words.  The  root  mean  square 
(SMS)  of  each  of  these  position  errors  was  then  computed  off  - line. 

Because  the  analysis  was  done  after  the  session  was  over,  no  Immediate 
results  were  available  to  the  pilot.  But  because  of  the  digital  readout  of 
forward  position  o.rror,  he  was  always  aware  of  how  well  he  was  doing. 

Each  pilot  was  given  a questlonalre  at  the  completion  of  the  experiment. 
It  requested  he  list  the  advantages  and  the  disadvantages  of  each  display, 
any  undesirable  features  of  the  simulation,  and  to  assign  a Cooper  - Harper 
rating  to  each  display. 


RESULTS 

The  tracking  performance  In  the  forward,  vertical,  and  lateral 
directions  using  the  three  displays  Is  shown  In  Figure  u.  Also  shown  Is 
the  performance  with  the  autopilot  engaged.  The  diamond  represents  the 
mean  RMS  position  error  and  the  dashed  lines  extend  to  the  one  sigma 
deviations.  Analysis  of  variance  was  performed  on  each  channel  (forward, 
vertical,  and  lateral)  independently  and  Is  shown  In  Table  2.  The  auto- 
pilot performance  was  not  Included  In  these  analyses. 

The  differences  In  performance  among  the  displays  in  both  the  forward 
and  vertical  directions  were  statistically  significant.  Examining  the 
marginal  means  (Table  3)  indicates  that  In  the  forward  direction  displays 
D»  and  D.  were  each  significantly  better  than  D. . In  the  vertical  direc- 
tion, D-  was  found  to  be  better  than  D^^  or  D^.  while  D^  appears  to  be 
better  than  D. , the  difference  was  not  statistically  significant.  The 
abovi  indicates  that  the  pilots  do  equally  well  with  displays  D2  and 
D-  In  controlling  forward  position  error,  but  D2  is  superior  in  con- 
trolling vertical  position  error.  In  both  cases,  D^  Is  the  worst. 

Both  D2  and  D-  are  us^d  primarily  to  control  forward  position  error. 
The  fact  that  no  difference  was  found  In  the  forward  direction  but  a 
significant  difference  was  found  In  the  vertical  direction  Is  interesting. 
There  are  two  possible  explanations  for  this  D2  - D-  difference.  One  is 
that  the  pilots  were  able  to  scan  and  Interpret  D2  taster  than  they  could 
D..  As  a result  the  pilots  could  spend  a greater  percentage  of  their  time 
following  the  ADI  when  D2  was  present  than  when  D^  was  present.  The 
closer  one  follows  the  flight  director  the  smaller  the  excursions  In 
vertical  position  error.  This  explanation  Is  substantiated  with  pilot 
comments.  Pilot  stated  that  ".  . . with  the  prediction  display  (D^), 
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I found  myself  wanting  to  return  to  it  after  each  scan.  By  diverting 
attention  from  the  attitude  Indicator  It  creates  a dangerous  situation." 
Pilot  Pj  mentioned  that  the  position  error  with  prediction  display  (D^) 
promoted  "instrument  fixation."  And  finally,  pilot  seated  that  the 
digital  speed  command  (D„)  required  the  least  amount  of  rcan  time.  This  is 
in  spite  of  the  fact  that  display  D2  is  located  far  to  the  left  and  requires 
a conscious  effort  by  the  ; <lot  to  scan.  Display  is  located  directly 
below  the  AD^.  While  D_  iu  located  where  it  should,  is  somewhat  out  of 
the  field  of  view. 

This  difference  in  vertical  position  error  can  also  be  attributed  to 
the  digital  speed  command  (D_)  containing  terms  involving  forward  and 
vertical  position  errors.  Display  D»  contains  no  infctmatlon  concerning 
vertical  position  c ror.  As  a result,  the  pilots  using  D^  are  making 
throttle  changes  based  on  both  vertical  and  forward  position  error  whereas 
with  D-  the  power  changes  are  probably  due  to  forward  position  error  only. 
The  actual  reason  for  this  difference  in  performance  is  quite  likely  a 
combination  of  these  two  explanations. 

Significant  diffarences  were  found  among  the  pilots  in  all  three 
position  errors.  This  reflects  both  tb  l^^g  proficiency  and  conscious 

effort  of  the  pilots.  That  is,  some  pi  .e  content  with  a slight 

position  error  while  others  tried  hard  lv  zero  oat  any  error. 

A significant  interaction  between  pilots  and  displays  occurred  in  the 
forward  and  vertical  dlreculons.  It  was  shown  above  that  D2  is  generally 
superior  to  D^.  This  interaction  indicates  that  this  generalization  is 
not  true  for  all  the  pilots.  Two  of  the  six  pilots  had  a lower  mean  BMS 
vertical  position  error  with  D^  than  with  D2. 

The  pilots  were  asked  to  assign  to  each  display  a Cooper  - Harper 
rating  for  the  4-D  landing  approach  task  with  moderate  turbulence  and  the 
aircraft  as  simulated.  The  meap'i  and  standard  devlatlonc  of  these  ratings 
is  shown  in  Figure  7.  Displt^y  D2  required  minimal  to  moderate  plloC; 
compensation;  D.  required  moderate  to  considerable  compensation;  and  D, 
required  extensive  compensation.  This  result  is  consistent  with  the 
tracking  performance  Just  presented.  That  is,  D^  is  somewhat  better  than 
D^  which  is  much  better  than  D^. 

Another  important,  criterion  for  detennining  the  "bast"  display  is 
the  pilots'  preferences  and  criticism^  about  the  displays.  In  response 
to  the  question,  "Compare  the  difficulty  of  flying  this  trajectory  using 
the  three  displays  with  the  difficulty  of  flying  a conventional  ILS 
approach,"  the  pilots  answers  centered  around: 

Using  display  D^  - more  difficult 

Using  display  D„  ■ about  the  same 

dm 

Using  display  D^  ■ slightly  more  difficult 
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In  addition,  the  pilots  gave  the  following  ratings  and  comments  of  the 
three  displays: 

Display 

(1)  Five  pilots  liked  the  least  and  thought  they  tracked  worst 

with  it.  ^ 

(2)  "Amount  of  correction  required  Is  hard  to  determine." 

Display  D2 

(1)  Five  pilots  liked  .he  best  and  felt  they  tracked  best  with  It. 

(2)  "Very  useful" 

(3)  "Definite  ,nt.  e - gives  good  rate  information  and  requires 
no  Iv'cerprei  atior."  (stated  by  two  pilots) 

Display  Dj 

(1)  Four  pilots  thought  D^  was  difficult  to  learn. 

(2)  "Provides  good  rate  Information  but  not  as  east  to  Interpret 
and  learn." 

(3)  "Occa  'onally  confusing" 

(4)  ‘Enjo,  1 figuring  out  my  own  correct;! '>ns  frc.j  vector." 

t-y''  : ^ering  to  Figure  6,  the  autopilot  performed  approximately  twice 

as  well  aa  L.:e  pilots  in  tracking  the  ''®am.  Furthermore,  the  variation  in 
autopilot  performance  is  less  than  the  pilots.  This  variation  is  repre- 
sented by  the  small  standard  deviation  or  the  consistency  in  performance  as 
presented  in  Tab}'*  4.  It  should  be  reiterated  that  the  purpose  of  this 
study  was  not  to  show  that  an  autopilot  is  needed  or  not  ne'^ded.  The  pur- 
pose ' as  to  see  ho^-7  well  pilots  could  fly  a tour  dimensional  approach.  The 
autopilot  was  used  to  provide  a baseline  to  establish  the  difficulty  of  the 
task.  In  .addition,  by  presenting  the  performance  using  an  autopilot,  one 
can  obsort'e  how  much  tracking  performance  Is  !!  ast  by  having  the  pilot  in 
the  loop 

While  the  autopilot  performance  seams  to  overshadow  the  pilots'  per- 
formance, close  examlnatln  of  the  position  errors  reveals  how  well  they 
did.  The  mean  RMS  lateral  position  error  (Table  3)  was  only  13.7  meters 
(45  feet)  and  the  standara  deviation  only  3.9  meters  (12.9  feet).  Tnese 
■I  numbets  become  more  impressive  when  considering  that  the  'trJmary  difficulty 

In  the  task  was  controlling  f >rward  position  error.  Presumably,  if  this 
had  been  a 3-D  approach  where  the  pilot  does  not  control  forward  position, 
the  lateral  performance  would  have  been  even  better.  In  addition,  this 
^ 1*^  achieved  with  no  map  display  showing  the  trajectory  nor  with  any  cue 
. 1 .jict.ting  the  start  of  a tun.  The  only  lateral  information  available  was 

xateral  position  orior  displayed  on  the  loca.iizer  needle  and  roll  flight 
director  coiuoands.  Tills  indicates  the  precision  a pilot  can  fly  a curved 
approach.  A map  display  sho'.iring  the  f'aiectory  and  the  runway  is  very 
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desirable  however,  to  provide  the  pilot  the  terminal  area  situation  infor- 
mation he  needs. 

The  pilots  were  also  very  effective  in  controlling  forward  position 
error.  The  mean  RMS  forward  position  error  was  25.5  meters  (83.8  feet) 
and  the  standard  deviation  was  10.9  meters  (35.6  feec).  Furthermore,  the 
maximum  forward  distance  any  pilot  was  off  in  108  runs  was  only  113  meters 
(370  feet).  With  a forward  speed  of  60  luiots  (100  ft/sec;  30.5  m/sec) 
this  distance  corresponds  to  a 3.7  second  time  slot  error.  The  mean  time 
slot  error  was  leas  than  one  second.  This  is  much  better  than  the  accuracy 
required  to  make  four  dimensional  approaches  feasible. 

The  pilots  found  that  following  the  flight  director  commands  was 
sufficient  to  maintain  small  vertical  and  lateral  position  errors.  As  a 
result  they  scanned  the  ILS  needles  infrequently.  This  further  substantiates 
the  possibility  ior  three  and  four  dimensional  approaches  under  manual 
control. 


CONCLUSIONS 

The  pilots  performed  best  when  they  were  presented  speed  commands. 

The  digital  speed  ccmmand  display  was  given  the  best  pilot  rating  and 
highest  preference.  The  forward  position  error  with  prediction  display  was 
also  effective,  but  not  to  the  same  extent  as  the  speed  command  display. 

Some  type  oJ  map  display  showing  the  trajectory,  runway,  position  error  and 
prediction  is  nevertheless  desirable  because  it  would  provide  the  pilot 
the  terminal  area  information  he  needs.  Both  a speed  command  display  and 
a map  display  seem  to  be  the  best  choice.  In  this  way  the  pilots  would 
have  the  control  advantages  of  speed  commands  and  r le  situation  Information 
of  a map. 

Curved  (3-D)  approaches  appear  to  be  fairly  simple,  at  least  from  a 
control  point  of  view.  The  pilots  were  able  to  stay  very  close  to  the 
desired  trajectory.  This  is  especially  true  in  the  lateral  direction. 

The  pilots  agreed  that  controlling  lateral  position  error  was  the  easiest 
part  of  the  task. 

When  rate  information  was  available,  the  pilots  were  also  able  to  keep 
the  forward  (time)  error  small.  This  supports  the  concept  of  four  ulmen- 
slonal  approaches.  Pilot  workload,  maximum  control  deflecticiis  and  state 
variable  ipitch  angle,  angle  of  attack,  and  airspeed)  excursions  all  need 
to  be  examined  before  the  feasibility  of  four  dimensional  approaches  can 
be  fully  ascertained. 

When  rate  information  was  not  available  (digital  forward  position 
error  display  only),  the  pilots'  performance  deteriorated.  There  was  large 
overshoot  in  forward  position  error  because  the  pilots  overcorrected.  Their 
control  actions  were  too  late  and  too  large  due  to  the  aircraft  slow 
response  and  low  damping  1 1 the  forward  direction.  Some  type  of  aiding 
(rate  or  prediction  information)  is  needed. 
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Table  1 Order  of  Presentation  of  Displays 
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Table  2 Analysis  of  Variance 


Table  3 Summary  of  Results 
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Table  4 Minlmtim  an«5  Maximum  RMS  Errors 
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Figure  1 Four  Dimensional  Approach 
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+ SPEED  UP 


- SLOW  DOWN 


Figure  3 Digital  Forward  Position  Error  Display 
showing  aircraft  150  feet  behind  reference  trajectory 


INCREASE  A/S 

+ 6 

KNOTS 

Figure  h Digital  Speed  Command  Display 
giving  a "speed  up  by  6 knots"  command 


264 


Figure  5 Forward  Position  Error  with  Prediction  Display 
showing  aircraft  150  feet  behind  reference  trajectory 
and  closing  at  the  rate  of  2.5  ft/sec 


26S 


O “>  O lA 

CM  “ "• 


Sftai3«ii  Noiiisod  mn>^^  smv 


ssaiawi  'dovda  noiiisoc  ivDixiiiA  sviid 


o o o o 

♦ ro  ^ 


sdaiaiN OH2I3  NOiiisod  a^vM^oi 


266 


Figure  6 Pilot  Performance  for  Each  Display 
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Figure  7 Cooper  - Harper  Ratings 
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SIMU’^ATOR  EVALUATION  OF  A PERSPECTIVE  CLIPPED-POLE  DISJtLAY 
AND  A THRUST-VECTOR  CONTROLLER  FOR  VTOL  ZERO-ZERO  LANDINGS 
By  M.  R,  Murphy  and  R.  K.  Greif 
Allies  Rese  ,rch  Center,  NASA,  Moffett  Field,  CA  94035 


SUMMARY 


Five  pilots  participated  in  a Limulator  study  to  evaluate  design  features 
of  a perspective  clipped-pole  display  and  a side-arm  thrust  vector  controller 
for  potential  applications  to  VTOL  zero  visibility  (zero-zero)  landings. 

The  task  was  flown  in  a fixed-base,  3-degree-of-free'^om,  longitudinal 
simulation  of  a vectored  lift-fan  VTOL  transport  aircraft  with  variable, 
linearized  aerodynamics,  and  consisted  of  a straight-in  approach  on  a 10® 
approach  slope,  with  optional  hover  and  landing.  The  five  pilots  flew  data 
runs  with  the  basic  perspective  display,  with  the  basic  display  plus  digital 
airspeed,  and  with  this  latter  combination  plus  digital  altitude.  The  dis- 
plays were  presented  on  a CRT  using  digital  vector  techniques. 

Objective  measures  were  obtained  for  touchdown  velocities  and  position, 
flight  time,  maximum  thrust,  and  maximum  deceleration;  pilot  opinion  was 
also  obtained.  Analyses  of  objective  measures  by  a t-test  fcr  related  means 
showed  significant  learning  effects,  but  did  not  show  significant  performance 
differences  among  display  conditions.  A mean  longitudinal  touchdown  velocity 
of  less  than  4 knots,  a mean  vertical  touchdown  velocity  of  less  than  1.22m/ 
sec  (4  ft/sec),  and  a mean  longitudinal  position  error  of  approximately  15.24  m 
(50  ft),  was  attained  during  the  final  10  trials  of  the  experiment.  The 
conclusion  that  adequate  airspeed  and  altitude  cues  could  be  obtained  from  the 
glideslope  and  runway  poles  is  supported  by  the  absence  of  significant  per- 
formance differences  among  display  conditions.  Both  objective  data  and 
pilot  opinion  support  the  conclusion  that  the  perspective  clipped-pole 
display  and  thrust  vector  controller  should  be  further  researched  for  poten- 
tial application  to  VTOL  zero-zero  landings. 


INTRODUCTION 


A future  requirement  for  manual  piloting  of  VTOL  (Vertical  Takeoff  and 
Landing)  aircraft  in  zero  visibility  (zero-zero)  landings  is  assumed  for 
three  reasons:  VTOL  landing  technology  is  at  an  early  stage  of  development 

(ref.  1);  the  question  of  the  capability  to  be  provided  for  manual  emergency 
takeover  during  potential  future  automatic  landings  has  not  been  resolved; 
and  manual  control  may  result  in  more  flexibility  in  operations  than  would 
fully  automatic  systems.  Specific  constraints  for  manual,  zero-zero  landing 
technology  arise  from  the  inherent  absence  of  out-the-window  visual  contact 
and  probable  VTOL  operational  requirements  such  as:  steep  and/or  curved 

approaches  at  decelerating  speeds;  highly  precise  energy  management; 
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transition  to  hover;  and  high  density,  time-constrained  flight  environments. 

These  projected  operational  requirements,  in  conjunction  with  the  complex 
control  requirements  of  VTOL  aircraft,  imply  potentially  high  pilot  workloads. 

Based  on  the  above  considerations,  a display  concept  (clipped-pole)  and  a 
control  concept  (thrust  vector)  were  derived  for  potential  application  to 
VTOL  zero-zero  landing  technology.  The  objectives  of  this  study  were  to 
determine  whether  the  display  and  control  concepts  should  be  further  researched, 
and  to  evaluate  specific  design  features  of  an  implementation  of  these 
concepts. 


DESCRIPTION  OF  DISPLAY 


The  display  concept  is  based  on  the  use  of  vertical  poles,  stroke- 
written  on  a CRT,  to  define  a commanded  approach  slope,  as  is  the  SAAB  pole- 
track  display  for  the  Viggen  aircraft  (ref.  2).  The  concept  differs  from 
that  of  the  pole-track  display  in  two  important  respects.  First,  tht  pole- 
track  display  presents  a static  perspective  scene,  while  elements  of  the 
clipped-pole  scene  are  clipped  from  view  as  they  reach  peripheral  vision 
limits,  as  are  real-world  elements  in  a VFR  flight.  Second,  the  displayed 
view  remains  in  true  perspective  relative  to  the  changing  position  of  the 
aircraft,  and  hence  in  relation  to  the  pilot's  eye-reference-point.  Display 
elements  were  purposely  kept  simple;  in  addition  to  approach  slope  poles, 
only  a runway  outline,  a horizon  line,  and  constant-height  runway  edge  poles 
were  implemented  in  the  display.  The  runway  edge  poles  were  added  to  provide 
a hover  capabilit}^. 

Figures  1 through  9 show  views  of  the  display  during  an  approach  and 
landing  sequence.  The  digital  presentation  of  indicated  airspeed  and  altitude, 
shown  at  the  top  of  the  views,  occurred  only  during  a particular  condition 
of  the  experimental  design.  The  horizon  is  represented  by  the  line  at  the 
top  of  the  display;  zero  approach  slope  error  is  indicated  when  this  horizon 
line  and  the  imaginary  line  formed  by  the  top  of  the  approach  slope  poles 
are  parallel.  Figure  1 is  a view  of  the  display  prior  to  approach  slope 
capture  and  figures  2 through  5 show  various  approach  slope  error  conditions 
during  the  approach,  as  indicated  by  the  titles. 

Figure  6 is  a view  taken  just  prior  to  transitioning  to  the  guidance 
offered  by  the  runway  edge  poles.  When  the  pilots  eye  is  at  15.24  m (50  ft), 
the  height  of  the  runway  edge  poles,  the  horizon  line  is  aligned  with  the  tops 
of  the  poles.  Figures  7 through  9,  then,  show  a sequence  below  this  point, 
ending  near  touchdown. 

The  10®  approach  slope  selected  for  this  study  intersected  the  runway  at 
the  runway  centerpoint.  Approach  poles  were  spaced  76.20  m (250  ft)  apart. 

The  runway  was  30.48  m (100  ft)  wide  and  152,40  m (500  ft)  long.  The  15.24-m 
(50  ft)  high  runway  edge  poles  were  spaced  30,48  m (100  ft)  apart. 
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THRUST  VECTOR  CONTROLLER 


A dual-action,  left-hand  controller  was  used  for  controlling  thrust. 

The  length  of  the  controller  arm  commanded  thrust  magnitude  and  the  arm 
angle  commanded  thrust  angle.  Controller  arm  angle  and  commanded  thrust 
angle  limits  were  0*^  (controller  forward  to  horizontal)  to  -120®  (controller 
back  to  30®  past  vertical).  The  controller,  then,  was  like  a miniature  analog 
of  the  thrust  vector.  Figure  10  shows  this  controller  in  use.  The  pitch- 
attitude  controller,  shown  being  manipulated  by  the  right  hand,  was  not  used 
in  this  experiment.  Pitch  attitude  was  stabilized  at  zero  degrees  for  the 
neutral  stick  position,  and  the  pilots  were  instructed  to  make  all  flight 
path  corrections  by  the  thrust  vector  controller. 


METHOD 


Simulation  Facility  and  Task 

The  experimental  task  was  flown  in  a fixed-base,  3-degrees-of-freedom, 
longitudinal  (x,  z,  and  0)  digital  simulation  of  a vectored  lift-fan  VTOL 
transport  aircraft  with  pitch  attitude  stabilization  = 2 rad/sec,  6 = 

0.7).  The  aircraft  weighed  444,822  N (100,000  lb)  and  had  a wing  loading  of 
47788  N/m^  (100  psf ) . The  maximum  available  thrust-to-weight  ratio  was  1.5. 
Aerodynamics  were  linearized  up  to  a stall  angle  of  20®.  The  engines  had 
high  bypass  ratio  ram  drag  characteristics  and  a first-order  thrust  recponse 
lag  of  0.2  sec  (to  63%  steady-state).  The  pilot's  eye-re"*erence-point  was 
6.1  m (20  ft)  forward  of  the  center  of  gravity  and  3.05  m (10  ft)  above  the 
ground  at  touchdown.  Figure  11  shows  the  simulation  chair  cab  and  table  1 
indicates  the  simplified  equations  of  motion. 

The  task  was  to  recover  the  aircraft  from  an  initial  idle  thrust  condi- 
tion (decelerating  aircraft),  capture  and  fly  the  10®  approach  slope,  and 
decelerate  and  land  at  the  center  point  of  the  runway  pad.  Hover  was  optional. 
Initial  conditions  for  the  task  are  Indicated  in  table  2. 


Experimental  Design 

Five  pilots  (2  commercial  and  3 NASA)  flew  60  data  runs  each,  30  during 
each  of  two  sessions  which  were  separated  by  a period  of  at  least  one  day. 
After  every  block  of  10  data  runs,  the  pilots  were  given  a rest  period  of  2 
minutes.  The  30  data  runs  on  the  first  session  for  each  pilot  (blocks  1, 

2,  and  3)  were  flown  with  the  basic  perspective  display  and  were  intended 
to  produce  a plateau  on  the  learning  curve.  The  30  data  runs,  comprising 
the  second  session  for  each  pilot,  were  flown  with  the  following  display 
conditions:  block  4,  basic  perspective  display  (a  "refresher"  of  the  first 

session);  block  5,  basic  perspective  display  with  a digital  airspeed  readout 
on  the  CRT;  block  6,  same  as  block  5 with  the  further  addition  of  a digital 
altitude  readout  on  the  CRT. 
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Data  were  recorded  for  obtaining  the  following  performance  measures: 

• Longitudinal  velocity  at  touchdown  (Uxd) 

• Vertical  velocity  at  touchdown  (W^d) 

• Longitudinal  position  at  touchdown  (Xjj)) 

• Total  time  to  fly  the  approach  (TIME) 

• Maximum  thrust-to-weight  ratio  used  during  t;  e task 

• Maximum  longitudinal  deceleration 

all  primary  performance  measurements  were  made  in  nonmetric  units. 

Altitude  versus  range  and  airspeed  versus  range  were  plotted  and  displayed 
to  the  expeviraentor  by  the  computer  in  real-time,  as  shown  for  a sample 
data  run  in  figure  12.  Since  Figure  12  represents  a completed  run;  it  also 
shov;s  a prxntout  of  an  ID  (pilot  and  run  number)  and  the  first  four  of  the 
performance  measures  described  above. 

Pilot  opinion  of  the  display,  the  overall  task,  and  the  controller  was 
obtained  by  use  of  the  twelve  questions  shown  in  table  3. 


Procedure 

Training  - The  pilots  were  not  trained  to  any  criterion  level  prior  to 
starting  the  60  data  runs.  They  were,  however,  permitted  from  one  to  three 
familiarization  runs  prior  to  starting  the  data  runs. 

Instructions  - The  purpose  of  the  experimenta]  conditions  was  explained 
to  the  pilots  prior  to  the  first  experimental  session.  The  initial  conditions, 
the  aircraft,  display,  and  task  descriptive  information,  and  the  task  per- 
formance criteria  were  reviewed  before  each  session  and  were  available  to 
the  pilots  on  briefing  sheets  at  all  times.  The  stated  task  was  to  "recover 
the  aircraft  from  the  low  thrust  condition  and  capture  the  approach  slope 
and  to  "fly  down  the  approach  path,  decelerate,  and  land  at  the  center  of 
the  pad  with  horizontal  and  vertical  velocities  as  low  as  possible." 

The  stated  task  performance  criteria  or  guidelines  were  (1)  "low  horizon- 
tal velocity  at  touchdown  (preferably  less  than  10  kts)",  (2)  "low  vertical 
velocity  at  touchdown  (preferably  less  than  1.52  m/sec  (5  ft/sec))**,  (3) 
"minimum  longitudinal  position  error  at  touchdown",  (4)  "low  elapsed  time 
from  glideslope  capture  to  touchdown",  and  (5)  "minimum  glideslope  tracking 
error".  Tradeoffs  between  these  criteria,  or  guidelines,  were  left  to  the 
individual  pilots. 

Data  Handling  - In  addition  to  the  data  shown  in  figure  12,  which  was 
recorded  on  magnetic  tape,  angle  of  attack,  vertical  velocity,  vertical 
acceleration,  thrust  angle,  thrust,  and  Lhrottle  position  in  percent  were 
recorded  on  a strip  chart. 


RESULTS 


Objective  Measures 

G'“oup  means  and  standard  deviations  and  individual  means  were  computed 
and  plotted  for  the  six  performance  measures  of  interest,  as  shown  in 
figures  13  through  18.  Performance  measures  are  plotted  on  the  vertical 
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scale  as  a function  of  the  6 sequential  trial  block > (10  trials  per  block). 

Figures  13  and  14  show  that  mean  performance  met  preferred  criterion 
values  immediately  for  longitudinal  velocity  and  at  around  30  trials  for 
horizontal  velocity,  at  touchdora.  A mean  longitudi.*al  touchdown  velocity 
of  less  than  4 knots,  a mean  vertical  touchdown  velocity  of  less  than  1.22  m/ 
sec  (4  ft/sec),  and  a mean  position  error  of  approximately  15.24  m (50  ft) 
(see  Figure  15)  was  attained  during  the  final  10  trials  of  the  experiment. 
Figures  13  and  14  also  show  that  the  standard  deviations  for  the  two  most 
important  measures,  longitudinal  and  vertical  velocities  at  touchdown, 
improved  throughout  the  six  trial  blocks  and  reached  values  of  about  1 kt . 
and  0,30  m/sec  (1  ft/sec),  respectively. 

The  trends  shown  in  Figure  16  for  flight  time  (i.e.,  the  apparent 
decreases  in  mean  timt  and  in  standard  deviation  during  the  first  three 
blocks  and  the  apparent  increase  in  standard  deviation  during  the  latter 
three  blocks)  possibly  reflect  strategy  changes.  Figures  17  and  18  show 
almost  constant  levels  in  maximum  thrust-to~weight  ratio  used  and  in  maximum 
longitudinal  deceleration  over  the  six  trial  blocks, 

T-tests  for  related  means  were  calculated  between  particular  trial 
blocks  for  group  means  of  these  six  performance  measures  to  test  for  effects 
due  to  learning  and  to  experimental  conditions.  For  p 0.10,  no  effects 
due  to  experimental  conditions  were  demonstrated  for  any  of  the  six  measures. 
This  was  an  expected  result,  under  the  assumption  that  adequate  airspeed 
and  altitude  cues  could  be  attained  from  the  approach  slope  and  runway  edge 
poles  (i.e.,  that  the  addition  of  the  digital  readouts  would  result  in 
reported  strategy  changes  rather  than  performance  improvement). 

Learning  effects  were  tested  by  comparing  the  means  of  combined  data 
for  blocks  one  and  two  with  that  for  blocks  5 and  6.  Learning  was  signi- 
ficant at  p £ 0.05  for  only  longitudinal  and  vertical  velocities  at  touch- 
down. Longitudinal  position  at  touchdown  shows  a learning  trend;  however 
this  trend  was  significant  only  for  p £ 0.25.  From  figures  13  and  14  it 
is  obvious  that  learning  is  also  strongly  demonstrated  by  decreases  in 
variability  for  longitudinal  and  vertical  velocities  at  touchdown. 

Figures  13  through  18  also  show  the  individual  performance  means  and 
standard  deviations  for  the  five  pilots.  The  commercial  pilots,  ni^mber  2 
and  4,  were  airline  pilots  with  considerable  experience  in  conventional 
aircraft  but  with  only  approximately  40  h experience  each  in  hf  icopters. 
Initial  touchdown  velocities  were  high  for  the  commercial  pilots  but 
consistent  with  NASA  pilots  at  the  end  of  the  experiment.  Apparent  tradeof'f 
strategies  of  the  two  commercial  pilots  in  attaining  this  end  performance 
are  indicated  in  the  flight  time  and  maximum  longitudinal  deceleration 
measurements:  each  started  with  fast  approaches  of  about  55  sec;  pilot  4 

gradually  increased  his  flight  time,  reaching  times  of  about  100  sec  at 
the  end  of  the  experiment;  pilot  2 gradually  decreased  his  flight  time  but 
used  maximum  decelerations  throughout  the  experiment  that  would  almost 
certainly  be  excessive  for  commercial  passengers.  Initially  and  consistently 
excellent  performance  is  shown  for  pilot  1,  the  NASA  pilot  having  the  most 
experience  with  vectored  lift-fan  VTOL  concepts.  All  NASA  pilots  had 
considerably  more  VTOL  experience  than  the  commercial  pilots. 

Approach  slope  tracking  performance  was  recorded,  as  sno’wn  in  figure  12, 
but  has  not  been  analyzed.  Approach  slope  tracking  performance  was 
consistently  good  and  figure  12  shows  a typical  example. 
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Pilot  Opinion 

General  Pilot  opinion  of  the  display,  the  overall  task,  and  the  control- 
ler was  solicited  by  the  questionnaire  shown  in  table  3.  Explanations  of 
specific  comments  were  also  solicited.  All  pilots  indicated  that  the  display 
gave  a feeling  of  realism  to  the  task  and  that  the  task  was  easy  to  learn. 
Workload  was  rated  as  medium  to  high,  the  landing  phase  generally  receiving 
a rating  i.f  higher  workload  than  the  approach  phase.  One  pilot  indicated 
that  lags  in  the  response  to  commanded  thrust  changes,  especially,  when 
controlling  vertical  velocity,  contributed  to  a higher  workload;  although 
power  management  requirements  to  accomplish  a combined  low  approach  time  and 
effective  transition  for  landing  (deceleration,  etc)  was  most  generally 
cited  as  responsible  for  the  high  workload.  Special  strategies  that  were 
used  by  the  pilots  generally  were  devised  to  cope  with  this  power  management 
requirement . 

Controller  - Only  three  of  the  five  pilots  rated  the  controller  as 
adequate;  all  pilots  suggested  improvements.  Vector  angle  detents  were 
suggested  at  0^  for  hover  and  at  selected  positions  for  controlling  lift 
and  forward  thrust.  Vertical  movements  of  the  controller  for  precise  changes 
in  lift  were  reported  to  be  difficult,  and  one  pilot  attributed  pilot-induced 
oscillations  (PIOs)  in  the  vertical  plane  during  landing  to  this  difficulty. 

One  pilot  also  suggested  inclining  the  controller  forward  by  approximately 
20°.  However  all  objections  to  the  controller  appeared  to  be  correctable 
with  minor  changes  In  design  and  technique. 

Altitude  Cues  - Pilots  unanimously  agreed  that  the  approach  slope  poles 
gave  adequate  height  cues  during  the  approach  but  that  the  runway  edge  poles 
did  not  give  adequate  height  cues  during  landing.  Actually  it  was  the 
inability  to  see  a sufficient  number  of  poles  when  over  the  landing  point 
that  was  cited  as  the  reason  for  this  landing  problem.  Improved  runway 
surface  marking  and  extension  of  the  poles  beyond  the  end  of  the  runway 
were  suggested  in  order  to  improve  landing  performance. 

The  addition  of  a digital  readout  of  altitude  was  not  thought  to  alter 
either  workload  or  accuracy  during  .he  approach;  however,  opinion  was  less 
unanimous  with  respect  to  the  landing  phase.  Three  pilots  thought  that  the 
digital  readout  improved  performance  during  the  last  few  meters  of  altitude, 
enabling  reduced  vertical  velocity  at  touchdown.  The  remaining  two  pilots 
did  not  think  that  the  digital  altitude  readout  affected  their  landing 
performance. 

Airspeed  Cues  - There  was  general  agreement  that  useful  cues  as  to 
relative  airspeed  were  obtained  from  the  approach  slope  poles  during  the 
approach,  although  it  was  pointed  out  by  two  pilots  that  small  changes  in 
airspeed  could  not  be  perceived.  Two  of  the  pilots  also  thought  that  ade- 
quate airspeed  cues  could  be  attained  from  the  runway  edge  poles  during 
landing.  Complaints  and  suggestions  from  the  remaining  three  pilots  indicated 
problems  essentially  identical  to  those  for  attaining  altit»ide  cues  from  the 
runway  poles  a:>  discussed  above. 

All  pilots  thought  that  some  improvement  in  performance  was  obtained 
by  adding  a digital  readout  of  airspeed.  Some  specific  reasons  suggested 
for  improved  performance  were:  enabled  better  control  of  longitudinal 

velocity  at  touchdown,  and  enabled  more  precise  planning  for  reduction  of 
airspeed  during  transition  to  hover.  One  pilot  did  indicate,  however,  that 
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attempted  use  ot  the  readout  during  the  landing  phase  aggravated  his  problem 
with  PlOh  due  to  Interrupting  his  concentration  on  the  visual  perspective 
scene. 


CONCLUDING  STATEMENTS 


Touchdown  performance  exceeded  the  velocity  criteria:  mean  longitudinal 

velocity  was  less  than  4 knots,  mean  vertical  velocity  was  less  than  1.22  m/ 
sec  (4  ft/sec),  and  mean  position  error  was  about  15.24  m (50  ft)  during  the 
final  10  trials.  The  standard  deviations  for  these  final  touchdown  veloci- 
ties were  approximately  1 kt  and  O.iO  m/sec  (1  ft/sec).  No  significant 
improvements  in  performance  were  evidenced  through  adding  digital  airspeed 
and  altitude  to  the  display.  This  finding  and  pilot  opinion  support  the 
conclusion  that  adequate  airspeed  and  altitude  cues  for  accomplishing  the 
task  are  obtained  from  approach  slope  and  runway  edge  poles,  although  design 
improvements  were  recommended  for  runway  edge  poles  and  surface  markings. 

The  side-arm  thrust  vector  controller  was  generally  rated  as  adequate, 
although  minor  human  engineering  improvements  were  suggested.  Power  manage- 
ment requirements  to  accomplish  a combined  low  approach  time  and  effective 
transition  for  landing  was  cited  as  contributing  to  medium  and  high  workload 
ratings.  Further  research  on  the  display  and  controller  is  recommended. 
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Note:  brackets  In  equations  of  motion  enclose  aerodynamic  forcet  and  moments; 

propulsive,  control  and  stabilization  forces  and  moments;  and  gravity  and 
coupling  terms,  respectively. 
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TABLE  2.  - INITIAL  CONDITIONS 


Airspeed 

Altitude 

X-range 

Attitude 

Trim 

Thrust  magnitude 
Thrust  angle 


= 100  kts 

0.305  km  (1000  ft) 

= 1.706  km  (5600  ft) 

= 0” 

“ 10®  angle-of-attack 
■ minimum 
- 90® 
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TABLE  3.  - EVALUATION  QUESTIONNAIRE 

1.  Did  display  give  a feeling  of  realism? 

2.  Was  the  task  (easy,  a little  difficult,  difficult)  to  learn? 

3.  Was  workload  (high,  medium,  low)  after  learning  the  task? 

A.  Did  you  use  any  special  strategy? 

5.  Did  flight  path  poles  give  an  adequate  height  cue  during  approach? 

6.  Did  runway  poles  give  an  adequate  height  cue  for  landing? 

7.  Did  inclusion  of  a digital  readout  of  altitude  improve  performance  or 

workload? 

8.  Did  flight  path  poles  give  an  adequate  airspeed  cue  during  approach? 

9.  Did  runway  poles  give  an  adequate  airspeed  cue  for  landing? 

10.  Did  inclusion  of  a digital  readout  of  airspeed  improve  performance  or 

workload? 

11.  Was  controller  adequate? 

12.  Additional  comments: 
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Fig.  13.  — Longitudinal  Velocity  at  Touchdovm  (Absolute) . 
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Fig.  14.  - Vertical  Velocity  at  Touchdown. 
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Fig.  15.  — Longitudinal  Position  at  Touchdown  (Absolute  Error). 
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Fig.  16.  — Flight  Time. 
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Fig,  17.  — Maximum  Thrust  to  Weight  Ratio. 
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Fig,  18.  — Maximum  Longitudinal  Decelleration. 
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INFORMATION  AND  DISPLAY  REQUIREMENTS  FOR 
AN  INDEPENDENT  LANDING  MONITOR* 

By  J.S.  Karmarkar,  J.A.  Sorensen,  and  A.V.  Phatak 
SYSTEM  CONTROLS  INC. 

ABSTRACT 


Advanced  transport  aircraft  in  a dense,  highly  autoi>.ated  air  traffic  con- 
trol environment,  projected  for  the  1980* s,  will  necessarily  have  an  automatic 
landing  capability.  This  trend  towards  increased  automation,  together  with 
increased  equipment  and  maintenance  costs,  has  motivated  a rethinking  of  the 
purpose  of  automation  and  the  role  of  the  crew.  The  problem,  addressed  in  this 
paper,  concerns  the  conceptual  design  of  an  Independent  Landing  Monitor  (ILM) , 
in  terms  of  information  and  display  requirements. 

Functionally,  the  ILM  system  is  designed  to  aid  the  crew  in  assessing  whe- 
ther the  total  system  (e.g.,  autoland,  avionics,  aircraft,  ground  navigation 
aids,  external  disturbances)  performance  is  acceptable,  and  otherwise  to  pro- 
vide adequate  information  to  enable  them  to  select  the  least  unsafe  of  the 
available  alternatives.  Economically,  this  concept  raises  the  interesting 
possibility  of  reducing  the  primary  autoland  system  redundancy  and  associated 
equipment  and  maintenance  costs.  The  required  level  of  safety  for  the  overall 
system  is  maintained  by  upgrading  the  backup  manual  system  via  the  ILM. 

This  paper  presents  an  ILM  design  methodology  to  meet  safety  requirements, 
using  the  optimal  control  pilot  model  and  covariance  propagation  methods.  Sys- 
tem implementation  requirements  in  terms  of  displays,  computers,  sensors  and 
logic  for  detecting  an  abnormal  condition  are  also  presented. 
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LAGGED  LOW  ORDER  CONTROL  SYSTEMS  WITH  POWERED  CONTROLS 

By  E.C.  Poulton 

Medical  Research  Council,  Applied  Psychology  Unit,  Cambridge,  England 


SUMMARY 


We  are  all  basically  position  control  people  because  the  world  we 
grow  up  in  is  position  control.  With  powered  controls,  a hi^  order 
control  system  can  be  changed  to  a lower  order  control  system  with  a lag, 
\diich  is  better  suited  to  our  position  control  skills  and  strategies. 
Separate  groups  of  untrained  men  were  trained  on  an  acceleration  control 
system,  or  on  a rate  control  system  with  an  exponential  leig  of  either 
.3«  2,  or  4 sec.  Acquisition  time  was  reliably  sho3rter  with  all  the 
lagged  rate  contiol  systems  than  with  the  unleigged  acceleration  control 
system. 

The  advantage  of  the  lagged  rate  control  systems  may  not  be  found 
if  skilled  ox>exators  are  used  who  are  highly  trained  on  the  acceleration 
control  system.  Also  the  advantage  may  not  be  found  if  everyone  performs 
all  the  conditions  in  a balanced  or  random  order,  because  asymmetrical 
transfer  effects  and  range  effects  introduce  bias.  To  obtain  an 
unbiased  comparison,  separate  groups  of  untrained  people  need  to  be 
trained  on  each  condition.  Examples  are  given  of  2 range  effects,  and 
of  an  asymmetrical  transfer  effect. 


INTRODUCTION 


Children  develop  in  a world  of  position  control.  They  reach  for 
things.  They  move  things  about.  This  is  all  position  control. 

Inevitably  it  is  the  compatible  form  of  control  for  everyone,  because 
they  learn  it  first.  It  is  not  until  children  start  steering  vehicles 
that  they  meet  acceleration  control  systems.  Learning  to  cope  with  high 
order  control  systems  has  to  be  grafted  onto  the  skills  and  strategies 
acquired  in  a world  of  position  control.  It  never  becomes  fully 
compatible  with  our  basic  position  control  skills  and  strategies. 

In  simple  vehicles,  the  controls  are  connected  directly  to  the 
control  surfaces.  If  the  control  system  of  the  vehicle  is  approximately 
third  order  like  the  control  system  of  an  aircraft,  the  man  has  to  move 
the  controls  in  a pattern  appropriate  to  the  third  order  control  system. 
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Powered  controls  can  relieve  the  man  of  the  necessity  of  doing  this. 
Tliey  can  provide  him  with  a control  system  more  suited  to  his  basic  position 
control  skills  and  strategies.  Instead  of  the  third  order  control  system 
of  an  aircraft,  the  _<dn  can  be  given  a lagged  rate  aided  control  system 
with  position  and  rate  orders  of  control.  To  make  such  a radical  change 
worth  considering,  there  has  to  be  a large  difference  in  the  man's 
perfomance  with  the  existing  control  system  and  with  the  proposed  new 
control  system.  This  presents  several  difficulties. 

One  difficulty  is  that  skilled  trained  operators  are  piotty  good 
at  tracking  with  their  conventional  control  system.  People  who  are  not 
good  at  it  get  thrown  out  during  training.  Skilled  operators  are  not 
likely  to  perform  very  much  better  with  a lagged  rate  aided  control  system 
than  with  a conventional  control  system  of  higher  order.  They  may  even 
perform  worse  if  they  are  not  used  to  tracking  with  a lagged  rate  aided 
control  system.  An  experimenter  should  not  use  skilled  trained  operators 
if  he  wants  to  demonstrate  a large  difference  between  an  existing  control 
system  and  a new  system. 

There  is  still  a transfer  of  training  difficulty  if  the  two  contwl 
systems  are  compared  using  specially  trained  people,  llie  usual 
experimental  design  is  AB-M.  One  group  practices  first  with  the 
conventional  control  system  and  then  transfers  to  the  rate  aided  control 
system.  Another  group  performs  the  two  conditions  in  the  reverse  order. 

The  difficulty  with  the  AB-BA  design  is  that  transfer  between  the  two 
conditions  is  not  likely  to  be  equal  in  both  directions.  Asymmetrical 
transfer  may  reduce  the  size  of  the  difference  between  the  two  control 
systems.  To  obtain  an  unbiased  assessment  of  the  difference,  it  is 
necessary  to  use  2 separate  groups  of  people,  each  of  whom  perfoms 
throu^out  with  only  a single  control  system.  The  late  George  Briggs 
used  separate  groups,  but  it  is  not  the  usual  custom.  I shall  be 
returning  to  this  point  later. 

A third  difficulty  is  mentioned  by  Chapanis  in  reference  1.  To 
convince  engineers,  the  experimenter  has  got  to  use  a measure  which  is 
relevant  to  them.  The  measure  we  used  was  the  size  of  the  exponential 
lag  in  the  lower  order  control  system  which  was  required  to  degrade 
performance  to  the  level  with  the  conventional  higher  order  control 
system.  This  is  a novel  approach,  but  it  was  accepted  by  the  engineers. 


ACCELERATION  CONTROL  VERSUS  LAGGED  RATE  CONTROL 


Figure  1 illustrates  the  2 control  systems  which  we  used,  a lagged 
rate  control  system  on  the  left,  a conventional  acceleration  control 
system  on  the  right.  The  top  section  of  this  figure  shows  the  movements 
of  the  control.  Tne  middle  section  shows  the  corresponding  rate  of  the 
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Figure  1.  The  theoretical  control  movements  required  to  acquire  a target 
with  an  acceleration  control  system  and  with  a rate  control 
system  with  a .5  sec.  exponential  time  lag.  (Ticlcner  and 
Foul ton,  reference  2,  figure  1.) 
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response  maricer.  The  bottom  section  shows  the  position  of  the  response 
maricer.  Time  goes  from  left  to  rignt. 

With  the  acceleration  control  system  on  the  right,  5 control  movements 
are  required  to  step  the  response  maricer  from  one  position  to  another. 

With  the  lagged  rate  control,  2 control  movements  will  do  if  the  man  is  not 
in  a hurry.  This  is  illustrated  by  the  unbroken  functions  on  the  left  of 
the  figure.  If  the  man  is  in  a hurry,  he  can  use  5 control  movements 
corresponding  to  the  3 control  movements  with  the  acceleration  control 
system.  This  is  illustrated  by  the  broken  functions.  So  the  lagged  rate 
control  system  is  the  more  versatile  system,  because  it  offers  two 
alternative  strategies, - 

Table  1 shows  the  advantage  of  4 lagged  rate  control  systems  over  a 
pure  acceleration  control  system.  The  task  simulates  gathering  a missile 
amd  directing  it  towards  a target.  Tracking  is  in  1 dimension  using  a 
thumb  joystick.  After  a warning,  a target  circle  of  3 nm  diameter  jumps 
3 cm  to  the  left.  The  man  has  to  acquire  the  target  with  a dot  of  1 mm, 
and  hold  it  inside  the  target  for  2 sec.  Travel  time  is  the  time  before 
the  dot  remains  within  an  imaginary  outer  target  circle  of  6 mm  diameter. 
Adjustment  time  is  the  additional  time  before  the  dot  remains  within  the 
target  circle  of  3 nnn  diameter.  Each  condition  is  performed  by  a separate 
group  of  from  5 to  15  naval  enlisted  men.  They  have  10  trials  daily  for  8 
days.  The  results  are  the  averages  of  the  last  4 days. 


Table  1.  Acceleration  control  and  lagged  rate  control 


Order  of 
control 

Exponential 
lag  (sec) 

Maximum 

initial 

acceleration 

(cm/sec^) 

No.  of 
men  in 
group 

Average  acquisition  time 
(sec) 

Travel  Adjustment 

Acceleration 

0 

12 

12 

5.5 

6.6 

Lag  ed  rate 

2 

12 

5 

5.5 

2.7^ 

.5 

15 

6 

2.8^ 

2.4^ 

2 

5 

11 

5.5® 

5.4^ 

4 

2.5 

15 

4.5 

5.4^ 

Results  from  Tickner  and  Poulton,  reference  2. 

€t  ^ 

Lagged  rate  control  reliably  quicker  than  acceleration 
control  (p  < .05  or  better) 
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The  top  row  of  table  1 is  for  the  unlagged  acceleration  control 
systen.  The  second  row  is  for  a lagged  rate  control  system.  It  has  the 
same  maximuni  initial  acceleration  of  12  cm/sec.  , but  it  has  an 
exponential!  time  lag  as  long  as  2 sec.  Adjustment  time  is  reduced 
reliably  (^  < .02)  with  the  lagged  rate  control  system  by  almost  4 sec., 
from  6.6  to  2,7  sec.  This  is  a major  advantage  in  acquiring  a target 
with  a missile. 

The  bottom  three  rows  of  table  1 give  the  results  for  5 other  lagged 
rate  control  systems.  The  exponential  time  Isigs  range  from  .5  to  4 sec. 
Compared  to  the  acceleration  control  system,  adjustment  time  is  reliably 
shorter  with  all  the  lagged  rate  control  systems.  This  is  because  the 
small  adjustments  which  place  the  dot  in  the  center  of  the  target  circle 
reqxiire  only  2 control  movements,  Instead  of  the  3 control  ma/ements 
reqxiired  with  the  acceleration  control  system. 

The  middle  row  of  the  table  is  for  e.  lagged  rate  control  system  with 
a maximum  Initial  acceleration  of  13  cm/sec. which  is  a little  larger 
than  for  the  unlagged  acceleration  control  system.  The  exponential  time 
lag  is  .5  sec.  Here  travel  time  also  is  reliably  reduced  (p  < .001)  by 
2.3  sec.,  from  3«?  to  2.8  sec.  This  is  because  the  man  can  afford  to 
move  his  spot  more  quickly  without  risking  a large  overshoot. 

The  reduced  travel  time  is  not  due  to  the  slightly  larger  maximum 
initial  acceleration.  This  is  shown  by  the  condition  in  the  row  below. 
Here  the  maximum  initial  acceleration  is  only  3 cm/sec.^.  The 
exponential  time  lag  is  2 sec.  Yet  travel  time  is  again  reliably 
(p  < .03)  shorter  than  for  the  acceleration  control  system,  3.5  sec. 
compared  with  5*5  sec. 

Table  1 shows  that  the  4 lagged  rate  control  systems  all  give  quicker 
acquisition  than  the  unlagged  acceleration  control  system.  This  is  what 
we  predicted  would  happen. 


A RANGE  EFFECT  FOR  CONTROL  SYSTEM  DYNAMICS 


The  resxxlts  in  table  1 are  for  separate  groups  of  men.  We  would  not 
expect  to  obtain  these  results  if  we  use  the  same  men  for  all  conditions. 
Giving  the  same  men  more  than  one  condition  produces  asymmetrical  transfer 
effects  or  range  effects  which  bias  the  results.  We  do  not  waste  oxir 
time  doing  this.  So  I shall  have  to  use  other  people's  results  to 
illustrate  the  point. 

The  resTilts  in  figure  2 are  from  Searle  at  the  Naval  Research 
Laboratory  Washington  D.C.  in  1951 i reference  3»  Average  error  is  plotted 
against  the  amount  of  acceleration  aiding  X,  of  a rate  aided  control  with 
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Figure  2.  The  average  tracking  error  when  alternating  between  control 
systems  with  aiding  ratios  1:4:0,  1:4:4>  1:4:B  and  1:4:16> 
Tracking  is  compensatory,  and  in  one  dimension.  The  track 
comprises  frequencies  of  10,  6.7  and  4 cycles  per  min.,  of 
lanspecified  amplitudes.  There  are  also  2 easier  tracks  with  the 
higher  frequencies  more  attenuated.  A block  of  trials  comprises 
6 periods  of  4^  sec.  Each  of  the  8 men  has  6 blocks  of  trials 
with  each  of  the  4 control  systems,  2 blocks  on  each  of  the  3 
tracks.  The  total  of  24  blocks  of  trials  for  each  man  is 
arranged  in  an  order  which  is  balanced  over  the  group  of  8 men. 
The  results  for  the  2 easier  tracks  are  similar,  but  the 
average  errors  are  smaller.  (Results  from  Searle,  reference  5*) 
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aiding  ratios  l;4sX.  The  same  8 enlisted  men  perform  with  all  the  4 control 
systems  in  a balanced  treatments  design  which  is  effecti\ely  repeated  6 
times.  So  there  is  plenty  of  opportunity  for  transfer  between  conditions 
to  produce  a range  effect. 

Reliably  the  best  performance  is  given  by  the  acceleration  aided 
control  system  with  the  intermediate  aiding  ratio  of  1:458.  It  is 
reliably  better  than  both  the  aiding  ratio  of  l:4s4  and  the  aiding  ratio 
1:4:16  (2  < .01).  This  is  a range  effect,  produced  by  the  withiii  subjects 
experimental  design.  It  fits  a transfer  of  training  model.  Transfer  is 
greatest  between  the  conditions  which  are  most  similar,  and  least  between 
the  conditions  which  are  very  different.  So  the  acceleration  aiding 
condition  1:45S  benefits  most.  The  man  learns  to  use  a strategy  in  all 
conditions  which  is  most  appropriate  to  this  middle  of  the  range  condition. 

Acceleration  is  analogous  to  inertia.  Reference  4 shows  that 
increasing  the  proportion  of  acceleration  or  inertia  always  degrades 
performance  in  tracking  with  a control  stick,  if  the  experiment  is  properly 
designed  with  separate  groups  of  people  for  each  condition. 

Searle's  experiment  shows  exactly  the  opposite  effect.  On  the  left 
of  figure  2 the  control  is  pure  rate  aid,  1:450,  Yet  it  gives  more  error 
than  any  of  the  acceleration  aided  control  systems.  This  is  because  the 
strateg;'^  which  is  most  appropriate  to  the  acceleration  added  control 
system  with  the  aiding  ratio  1:4:8,  is  not  appropriate  for  the  pure  rate 
aided  control  system.  The  man  tends  to  use  this  common  strategy  for  all  4 
conditions.  So  he  performs  best  with  the  acceleration  aiding  ratio  1:4:8, 
and  worst  with  the  pure  rate  aided  control  system. 

To  obtain  an  unbiased  comparison  between  the  4 conditions,  it  is 
necessary  to  train  a separate  group  of  vintrained  people  on  each  condition. 


ASYMMETRICAL  TRANSFER  BETWEEN  EXPONENTIAL  LAGS 


Figure  5 shows  an  asymmetrical  transfer  of  training  effect  when 
tracking  with  a position  control  system  and  exponential  lags.  The  data 
come  from  Marvin  Levine  at  Wright  Patterson  Air  Force  Base  in  1953 1 
reference  5.  Mean  percent  time  on  target  is  plotted  against  blocks  of  3 
trials,  each  of  60  sec.  Each  function  is  from  a separate  group  of  10 
students,  so  you  can  see  the  asymmetrical  transfer  effect  developing. 

The  unfilled  points  at  the  top  represent  practically  no  lag,  .OI5  sec. 
The  filled  points  at  the  bottom  represent  the  longest  exponential  lag  of 
5.0  sec.  The  first  2 points  on  the  left  shew  the  initial  matching  of  the 
groups  of  students,  either  on  the  unlagged  condition  or  on  the  5.0  sec.  lag 
condition. 


2<)0 


Mean  percent  time  on 


Matchinr)  ■* — Training — ► Transfer 


Blocks  of  5 trials 


Figure  3*  The  average  time  on  target  when  tracking  with  a position  control 
and  exponential  lags  of  .015  ("no  lag"),  .1,  .9,  2.1  and  5.0 
sec.  Tracking  la  compensatory  and  in  one  dimension.  The  track 
comprises  frequencies  of  11,  5 and  5 cycles  per  min-  of  equal 
amplitude.  A block  of  trials  comprises  5 periods  of  60  sec. 

Each  function  represents  a separate  group  of  10  students.  The 
students  start  with  a block  of  matching  trials,  on  either  the 
.015  sec.  lag  or  the  3.0  sec.  lag.  This  is  followed  by  11 
training  blocks  with  one  of  the  5 lags.  Finally  for  4 of  the 
groups  there  are  4 or  5 transfer  blocks  with  the  original 
.015  sec.  or  3.0  sec.  lag.  (Results  from  Levine,  reference  5«) 


291 


The  imfilled  circles  at  the  top  represent  a group  which  tracks  throu^- 
out  without  leig.  As  you  would  expect,  it  has  the  longest  time  on  target. 

The  filled  diamonds  at  the  bottom  represent  a group  which  tracks  throvigh- 
out  with  the  J.O  sec.  lag.  It  has  the  shortest  time  on  target. 

The  triangles  represent  a group  which  has  5 matching  trials  with  the 
3 sec.  lag,  and  then  trains  without  lag.  It  takes  30  trials  without  lag 
before  it  catches  up  with  the  group  which  always  tracks  without  lag. 

The  squares  represent  a group  which  has  3 matching  trials  without 
lag,  and  then  trains  with  the  3*0  sec.  lag.  It  catches  up  almost  at  once 
with  the  group  which  always  tracks  with  the  3 sec.  lag.  But  after  50 
trials  with  the  lag,  it  performs  relatively  badly  when  the  lag  is  removed. 
And  it  hardly  improves  during  the  25  transfer  trials. 

The  group  represented  by  triangles  has  50  trials  without  lag,  and  then 
transfers  to  the  3 sec.  lag.  It  does  not  do  very  well  on  the  first  block 
of  5 transfer  trials.  But  after  20  trials  it  performs  as  well  as  the 
group  which  always  tracks  with  the  3 sec.  lag. 

Figure  3 shows  that  after  the  first  few  transfer  trials,  training  on 
the  unlagged  control  system  is  as  effective  on  transfer  to  the  lagged 
control  system  as  training  all  the  time  on  the  lagged  control  system. 

There  is  then  100%  positive  transfer.  But  prior  training  on  the  lagged 
control  system  is  actually  a disad\'ant€ge  on  transfer  to  the  unlagged 
control  system.  The  5 transfer  blocks  of  the  group  represented  by  the 
unfilled  squares  lie  below  the  first  5 training  blocks  of  the  group 
represented  by  the  unfilled  circles.  This  is  negative  tranffer.  The 
students  do  better  on  the  unlagged  control  system  when  they  have  had  no 
prior  training. 

There  is  positive  transfer  from  the  unlagged  condition  to  the  lagged 
condition.  But  there  is  negative  transfer  from  the  lagged  condition  to  the 
unlagged  condition.  If  people  are  given  the  2 conditions  alternately,  they 
will  perform  relatively  badly  without  lag,  but  much  as  expected  with  the 
lag.  So  the  disadvantage  of  the  lag  will  be  less  than  it  should  be. 

To  show  the  full  true  effect  of  the  lag  ycu  need  separate  groups  of 
people  for  each  condition:  the  circles  at  the  top  of  the  figure  on  the 

left,  the  diamonds  at  the  bottom.  The  effect  of  the  lag  appears  smaller  if 
you  compare  simply  the  unfilled  squares  on  the  right  of  the  figui’e  with  the 
filled  triangles  on  the  right.  If  people  change  from  one  value  of  lag  to 
another  often  enough,  the  effect  of  the  lag  may  disappear  completely. 

The  small  dotted  functions  sho\^  the  results  of  extra  groups  of  10 
students  who  perform  with  lags  of  .1,  .9  and  2.1  sec.  The  longer  the  lag, 
the  shorter  the  time  on  target.  This  is  in  line  with  the  results  of  other 
experiments  on  exponential  concrol  Irgs  (reference  4). 
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With  sine  wave  tracks  like  the  one  used  by  Levine,  exponential  control 
la^  have  2 disadvantages.  One  disadvantage  is  the  lag.  The  other 
disadvant^lge  is  the  reduced  transmission  or  control  output  at  the  higher 
frequencies.  The  results  in  the  figure  are  probably  d'.;e  to  a combination 
of  the  2 disadvantages.  Unfortunately  Levine  does  nv^t  say  what  his  maximum 
control  output  is.  So  one  cannot  tell  how  much  of  the  reduction  in  time  on 
target  is  due  to  the  limit  on  the  control  output,  and  how  much  is  due  to 
the  actual  leig. 


A RANGE  EFFECT  FOR  CONTROL  OUTPUTS 


Figure  4 illustrates  a range  effect  produced  by  giving  4 expor„-»ial 
lags  each  combined  with  4 control  gains,  all  to  the  same  8 people.  The 
data  come  from  Marty  Rockway  at  Wri^t  Patterson  Air  Force  Base  in  1954 
(reference  6)  a year  after  Levine's  experiment.  Time  on  target  is  plotted 
against  the  exponential  time  leigs.  Each  function  is  for  a separate 
control  gain. 

The  longest  time  on  target  is  given  by  the  longest  exponential  time 
lag,  althou^  the  difference  between  this  point  and  the  best  performance 
with  the  .3  sec.  lag  is  not  statistically  reliable.  This  quite 
ridiculous  result  is  produced  by  the  range  effect  for  the  control  outputs, 
which  swamps  the  effect  of  the  actual  lag  in  the  confused  experimental 
design. 

Rockway *3  track  comprises  3 equal  amplitude  sine  waves  of  11,  5>  and  3 
cycles  per  minute  (cpm).  In  tracking  sine  waves,  exponential  time  lags 
reduce  the  transmission  of  the  control.  The  reduced  transmission  can  be 
offset  by  Increasing  the  control  gain.  Table  2 shows  the  product  of  the 
transmission  at  the  top  track  freqcency  of  11  cpm  times  the  control  gain. 
The  values  of  control  output  run  from  9.4  at  the  top  on  the  left  to  .29 
at  the  bottom  on  the  ri^t.  The  values  which  give  the  longest  time  on 
target  with  each  exponential  time  lag  are  underlined.  They  range  between 
2.9  and  1.7.  They  are  all  close  to  the  mean  value  of  2.6. 

With  outputs  less  than  1.0,  the  man  cannot  follow  the  top  track 
frequency.  So  his  time  on  target  is  bound  to  be  shorter.  With  very  large 
outputs  the  man  is  also  at  a disadvantage,  because  a small  error  in  the 
movement  of  the  control  will  pat  him  outside  the  target  area. 

There  is  bound  to  be  an  optimum  output  somewhere  between  these  2 
extremes.  But  where  the  optimum  is  found  to  lie,  depends  upon  the  range 
of  outputs  selected  by  the  experimenter.  The  optimum  found  tends  to  lie 
nearer  to  the  middle  of  the  range  of  outputs  '''biui  it  would  if  separate 
groups  of  people  were  used  for  each  output,  ihis  is  because  the  man  tends 
to  track  in  all  conditions  as  if  he  has  a control  output  of  about  the 
average  size.  The  range  effect  for  control  outputs  in  figure  4 swamps  the 
effect  of  the  lags. 
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MEAN  PERCENT  TIME 
ON  TARGET 


TIME  CONSTANT  IN  SECONDS 


Figure  4.  The  av'^rage  time  on  target  when  alternating  between  exponential 
lags  of  .5,  .6,  1.3  and  3*0  sec.  The  task  is  similar  to  the 
task  of  figure  3*  except  that  tracking  is  in  2 dimensions.  The 
16  combinations  of  4 lags  and  4 control  gains  are  presented  in 
balanced  orders  to  each  of  8 practiced  people.  The  experiment 
is  repeated  the  next  daj  with  the  conditions  in  the  reverse 
order.  (Reference  4»  figure  17*4»  shoving  results  from  Rockway, 
reference  6«) 
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Table  2.  Control  output  at  11  cycles  per  minute 
in  Rockway's  experiment  (reference  6) 


Control  Exponential  lag:  in  seconds 


gain 

.3 

.6 

1.5 

3.0 

10 

9.4 

8.5 

5.1 

hi 

5 

4.7 

4.3 

2.6 

1.5 

2 

hi 

hi 

1.0 

.58 

1 

.94 

.85 

.51 

.29 

Note.  Control  output  = transmission  at  11  cpm  X gain 


i^gain  the  range  effect  fits  a transfer  of  training  model.  Transfer  is 
greatest  between  the  control  outputs  which  are  most  similar*  and  least 
between  the  control  outputs  which  are  very  different.  So  the  control 
outputs  of  about  2.6  in  the  middle  of  the  range  benefit  most. 

This  is  another  range  effect  like  Searle's  range  effect  for 
acceleration  aiding  in  figure  2.  Reference  4 gives  numerous  examples  of 
asymmetrical  transfer  effects  and  range  effects.  The  biased  TOSxilts  which 
they  produce  have  to  be  discarded  in  sorting  out  the  contradictions  in  the 
literature. 


CONCLUDING  REMARKS 


The  example  in  figure  1 and  table  1 of  changing  a powered  acceleration 
contTOl  to  a rate  control  with  an  exponential  lag  is  only  an  illustration. 

A missile  is  easier  to  control  if  it  has  a position  term  in  addition  to  a 
rate  term,  and  so  is  rate  aided. 

In  the  future  the  groatest  gains  will  probably  come  from  changing  the 
powered  control  systems  of  aircraft  to  make  them  more  compatible  with  the 
pilots.  When  flying  down  the  glide  path  xn  coning  in  to  land,  the  aircraft 
may  be  blown  sideways  by  a sudden  gust.  The  pilot  requires  a minimum  of  4 
stick  movements  to  step  his  aircraft  back  again  to  the  middle  of  the 
glidepath.  This  could  be  reduced  to  2.  It  would  greatly  reduce  the  pilot's 
workload. 

In  reference  7 Norman  Walker  shows  that  when  under  stress,  even  a 
pilot  is  less  likely  to  make  large  errors  if  he  has  a lagged  rate  control 
system  than  if  he  has  an  acceleration  control  system. 
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ABSTRACT 


The  third  flight  research  program  using  the  variable  stability 
X-22A  aircraft  was  undertaken  to  investigate  control,  display,  and  guidance 
requirements  for  VTOL  instrument  transitions.  The  primary  purpose  of  the 
experiment  was  to  provide  meaningful  data  related  to  the  interaction  of  air- 
craft control  system  and  pilot  display  characteristics  on  pilot  rating  and 
performance  during  a steep  decelerating  descending  transition  from  a repre- 
sentative forward  velocity  (100  kt)  to  the  hover  under  simulated  ins.trument 
conditions.  Thirty-seven  evaluations  were  performed  of  combinations  of  five 
generic  display  presentations,  ranging  from  position- information-only  to  four- 
axis  control  directors,  and  five  levels  of  control  augmentation  systems, 
ranging  from  rate-augmentation-only  to  decoupled  velocity  responses  and  auto- 
matic configuration  changes.  Primary  results  of  the  program  Include  the 
demonstration  of  an  Inverse  relationship  between  control  complexity  and  dis- 
play sophistication,  as  was  hypothesized  in  the  experiment  design,  and  the 
definition  of  acceptable  and  satisfactory  control-display  combinations. 


NOTATION 


tT}f  j dimensional  pitch  moment  derivative, 

(rad/sec^)/(  ) 

2 

Body  X-axis  acceleration,  ft/sec 


9 


Body  Z-axis  acceleration,  ft/sec^ 
Body  axis  roll  rate,  deg/ sec 
Body  axis  pitch  rate,  deg/sec 
Body  axis  yaw  rate,  deg/sec 


*Performed  under  Contract  N00019-73-C-0504  for  the  United  States  Naval  Air 
Systems  Command  and  the  NASA  Langley  Research  Center. 
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t Time , seconds 

u.  Body  X-axis  velocity,  £t/sec 

ur  Body  Z-axis  velocity,  £t/sec 

X,Y,Z  Components  of  ground-referenced  translation  position,  ft 
« • • 

X»Y,Z  Components  of  ground-referenced  translation  rate»  ft/sec 

2 

X^  j Dimensional  body  X-force  derivative,  (ft/sec  )/(  ) 

2 

j Dimensional  body  Z-force  derivative,  (ft/sec  )/(  ) 

j Perturbation  of  ( ) * current  value  minus  initial  value,  ( ) 

Sgg  Longitudinal  stick  position,  inches 

Collective  stick  position,  degrees 
Lateral  stick  position,  inches 
Sffp  Rudder  pedal  position.  Inches 

^ Error  in  ( ) ~ commanded  value  minus  actual  value,  ( ) 

^ Damping  ratio  of  second  order  characteristic  roots 

0 Body  pitch  attitude,  degrees 

Washed-out  pitch  attitude  signal,  degrees 
A X-22A  duct  angle,  measured  from  horizontal,  degrees 

ZT  Time  constant  of  first  order  response,  seconds 

tp  Body  roll  attitude,  degrees 

C4iff  Undamped  natural  frequency  of  second  order  roots,  rad/sec 

Abbreviations: 

AGL  Above  Ground  Level 

IFR  Instrument  Flight  Rules 

PR  Pilot  Rating  (Cooper-Harper) 

VSS  Variable  Stability  System 
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INTRODUCTT  N 


The  development  of  an  instrument  landing  capability  for  V/STOL  air- 
craft is  a prerequisite  for  the  extension  of  VTOL  operations  into  restricted 
areas  in  all  weather  conditions.  To  provide  this  capability,  problems  must 
be  solved  which  are  more  difficult  than  the  corresponding  problems  for  CTOL 
aircraft,  because  the  landing  approach  now  involves  not  only  control  of  the 
spatial  position  of  the  aircraft  but  also  precise  control  of  a non-constant 
total  velocity;  this  task  requires  active  use  of  at  least  one  additional  con- 
troller, and  furthermore  requires  additional  information  to  the  pilot  concern- 
ing the  increased  dimensions  of  his  task.  The  pilot’s  control  problem  is 
exacerbated  by  the  generally  degraded  flying  qualities  encountered  as  the 
dependence  on  powered  lift  increases,  and,  in  VTOL  configurations  different 
than  the  helicopter,  by  an  additional  control  requirement  related  to  the  con- 
version from  forward  flight  to  powered  lift  (e.g.  wing  tilt,  rotor  tilt,  jet 
thrust  vectoring). 

It  is  clear,  therefore,  that  studies  of  the  VTOL  instrument  landing 
approach  problem  must  consider  both  the  definition  of  required  levels  of 
information  presentation  for  the  pilot  and  the  determination  of  required  de- 
grees of  stability  and/or  control  augmentation  for  the  aircraft.  An  excel- 
lent summary  of  this  problem  and  recommendations  for  future  research  are 
given  in  the  AGARD  Advisory  Report  on  V/STOL  display  requirements  for  landing 
(Reference  1).  Tn  this  discussion  of  necessary  research,  the  AGARD  Working 
Group  placed  a high  priority  on  determining  the  interplay  between  display 
and  control  complexities.  This  interplay  is  schematically  illustrated  in 
Figure  1,  taken  from  Reference  1.  The  hypothesis  is  that  an  inverse  rela- 
tionship exists  for  a given  pilot  rating  level  between  control  complexity  and 
display  sophistication;  the  problem  is  to  quantify  to  some  extent  these  two 
axes  and  attempt  thereby  to  define  satisfactory  or  adequate  combinations. 

The  general  goal  of  the  flight  research  experiment  discussed  in 
this  paper  was  therefore  to  examine  combinations  of  generic  levels  of  dis- 
played information  and  types  of  stability/control  augmentation.  Since  the 
scope  of  the  flight  program  was  relatively  limited,  extensive  theoretical 
analyses  and  exploratory  ground  simulations  were  conducted  during  the  design 
phase.  Some  of  these  analyses  were  discussed  at  a previous  Annual  Conference 
on  Manual  Control,  and  will  not  be  repeated  here  (Reference  2);  Reference  3, 
which  may  be  considered  a complement  to  this  paper,  outlines  the  relation- 
ship of  the  resulting  experiment  design  to  previous  work  in  this  area.  The 
details  of  this  design  and  the  conduct  of  the  evaluation  flights  are  de- 
scribed in  the  next  two  sections  of  this  paper;  the  following  eection  dis- 
cusses the  principal  pilot  rating  results,  and  the  final  section  presents 
some  of  the  conclusions  drawn  from  the  experiment. 
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DESIGN  OF  THE  EXPERIMENT 


General 

The  primary  purpose  of  this  ^-periment  was  to  provide  meaningful 
data  related  to  the  interaction  of  aircraft  control  system  and  pilot  display 
characteristics  on  pilot  rating  and  performance  during  a steep  decelerating 
descending  transition  from  a representative  forward  velocity  (*^100  kt)  to 
the  hover  under  instrument  conditions.  Accordingly,  the  experiment  was  de- 
signed to  investigate  combinations  of  several  types  of  control  system/ 
stability  augmentation  characteristics  with  display  presentations  of  varying 
sophistication,  with  the  objectiv'^  being  the  definition  of  satisfactory  or 
acceptable  combinations  through  the  use  of  Cooper-Harper  pilot  ratings  and 
measured  performance  and  workload  indices.  In  order  to  reduce  the  scope  of 
the  investigation  to  a manageable  level,  it  was  necessary  to  select  from  the 
many  factors  involved  in  ascertaining  guidance,  display,  and  control  require- 
ments those  that  were  of  major  importance  a*=  variables  (Reference  4).  The 
characteristics  of  the  resulting  selections  are  summarized  in  the  succeeding 
subsections. 


Guidance  Characteristics 

In  the  context  of  this  experiment,  the  term  **guidance**  is  defined 
as  the  processing  of  raw  X,Y,Z  position  data  telemetered  to  the  aircraft  from 
a tracking  radar  to  obtain  information  concerning  positions  and  velocities 
and  to  derive  the  desired  command  relationships.  It  is  important  to  recog- 
nize that  the  VTOL  terminal  area  problem  generally  requires  knowledge  of,  and 
commands  for,  both  translational  rates  and  positions,  either  for  display  to 
the  pilot  to  aid  him  in  the  deceleration  or  for  processing  by  an  automatic 
control  system  to  perform  this  operation  for  him.  In  the  X-22A  application, 
the  derivation  of  the  required  status  and  command  information  was  performed 
entirely  onboard  the  aircraft,  and  was  therefore  essentially  independent  of 
the  equipment  used  to  provide  the  raw  X,Y,Z  data.  For  this  experiment, 
neither  the  raw  information  (e.g.  altitude,  azimuth,  and  elevation  informa- 
ticn  instead  of  X,Y,Z)  nor  the  derived  command  relationships  were  considered 
as  variables  to  be  altered  for  investigation;  the  guidance  relationships  were 
designed  and  verified  in  extensive  ground  simulations  and  held  fixed  for  the 
flight  experiment. 

The  first  processing  of  the  data  is  the  estimation  of  smoothed 
translational  positions  and  rates  relative  to  a hover  point  and  selectable 
approach  course  direction  by  complementary  filtering  of  the  radar  position 
data  and  aircraft  linear  accelerometer  outputs.  This  method  is  similar  to 
that  discussed  in  Reference  5;  the  filter  is  second  order  and  provides  signals 
for  both  smoothed  position  and  velocity  in  an  earth-referenced  axis  system. 

A coordinate  transformation  to  provide  the  positions  and  rates  in  an  aircraft- 
heading-referenced axis  system  operates  on  these  signals  so  that  the  infor- 
mation is  available  in  either  axis  system  for  display  to  the  pilot  as  re- 
quired. 
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With  the  positions  and  velocities  available,  the  next  function  of 
the  guidance  system  is  the  generation  of  command  information.  For  the  de- 
scending decelerating  approach  task  with  a VTOL  aircraft,  the  following  types 
of  commands  are  required: 

• Longitudinal  velocity  as  a function  of  range 
(deceleration  profile) 

• Lateral  velocity  as  a function  of  lateral  position 

• Aircraft  configuration  change  as  a function  of 
commanded  velocity 

• Vertical  position  as  a function  of  range  (glide  slope) 

• Vertical  velocity  as  a function  of  range 

A complete  discussion  of  the  characteristics  of  all  these  commands  is  beyond 

the  scope  of  this  paper,  and  the  reader  is  referred  to  Reference  A for  de- 

tailed information.  Since  the  implementations  of  the  deceleration  profile 
and  configuration  change  commands  in  this  experiment  are  significant  new 
developments,  however,  they  will  be  qualitatively  described  here. 

A fundamental  problem  which  must  be  addressed  for  VTOL  decelerating 
approaches  is  the  fact  that  the  magnitude  of  the  along-track  wind  velocity 
component  can  be  a significant  fraction  of  the  commanded  aircraft  velocity, 
and  in  fact  becomes  comparable  as  the  hover  point  is  approached.  If  the 
commanded  aircraft  velocity  is  ground-referenced  for  the  entire  approach, 
then  acquisition  airspeed  will  vary  from  approach  to  approach,  which  compli- 
cates the  pilot’s  task;  more  importantly,  VTOL  aircraft  generally  have  rela- 
tively narrow  corridors  of  acceptable  airspeed/configuration  (thrust  tilt)/ 
rate  of  descent  combinations,  and  forcing  differing  airspeeds  may  violate 
these  boundaries.  One  solution  to  the  problem,  proposed  in  Reference  6,  is 
to  refer  the  approach  path  and  deceleration  profile  to  the  air  mass  by  using 
either  ground  or  aircraft  measured  wind  velocity  information  to  compute  the 
transformation  from  ground-referenced  co  air-referenced  coordinates.  This 
technique  ensures  that  both  the  p^th  and  the  deceleration  are  always  the 
same  with  respect  to  the  air,  thereby  maintaining  the  aircraft  within  its 
allowable  transition  corridor.  As  a result,  however,  the  ground  track 
(approach  angle,  flare  point)  varies  with  different  winds;  in  addition,  in 
or  near  the  hover  it  is  velocity  with  respect  to  the  ground,  both  longitudi- 
nally and  laterally,  which  must  be  controlled,  and  the  commands  should  there- 
fore be  ground-referenced  at  this  point. 

For  the  X-22A  experiment,  therefore,  the  implementation  of  the  vel- 
ocity commands  was  to  divide  the  approach  into  two  parts,  and  consisted  of 
commanding:  (1)  airspeed  and  aircraft  heading  during  localizer  and  glide 

slope  acquisition,  and  (2)  ground  speed  components  parallel  and  perpendicular 
to  the  desired  course  during  deceleration  and  hover.  The  airspeed  and  course 
commands  are  predicated  upon  the  fact  that  the  LORAS  airspeed  measuring  sys- 
tem of  the  X-22A  gives  longitudinal  and  lateral  components  of  airspeed 
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relative  to  the  aircraft  heading  axis,  which,  in  conjunction  with  the  ground- 
referenced  rates  from  the  complementary  filters,  allows  determination  of  the 
wind  speed  and  direction.  This  information  is  used  to  command  a constant  air- 
speed (100  kt)  and  to  derive  an  aircraft  heading  command  to  achieve  the  de- 
sired course  by  accounting  for  along-track  and  cross-track  wind  components; 
Reference  4 derives  the  commands,  which  are  summarized  in  Table  I as  the  re- 
sulting ground-speed  commands  **before  switching**  referred  to  the  aircraft 
axes. 


For  the  **after  switching”  part  of  the  approach,  the  ground  velocity 
parallel  to  the  desired  course  is  commanded  based  on  a constant  deceleration 
(0.05g)  with  a linear  decrease  to  zero  during  the  final  100  ft,  and  the  compo- 
nent perpendicular  to  the  course  as  a linear  function  of  lateral  position 
(see  Table  I).  The  parallel  component  command  is  implemented  as  a zero-wind 
velocity  profile  versus  range  on  a function  generator  in  the  aircraft;  this 
implementation  serves  a dual  purpose  of  providing  the  **after  switching”  com- 
mands and  also  of  defining  the  point  at  which  the  switching  in  command  logic 
takes  place.  If  the  along-track  wind  component  is  a headwind,  the  ground 
speed  for  a commanded  100  kt  airspeed  will  be  less  tnan  the  zero-wind  ground- 
speed  command  until  some  point  after  the  zero-wind  deceleration  initiation. 

The  switching  logic  therefore  works  by  subtracting  the  measured  ground  speed 
from  the  zero-wind  command:  while  this  difference  is  positive,  the  air- 

speed/course commands  are  used;  when  it  first  goes  to  zero,  the  switch  is 
made  to  parallel  and  perpendicular  ground  speed  commands  for  the  remainder 
of  the  approach.  As  implemented  for  the  X-22A  experiment,  this  logic  is  con- 
strained to  cases  in  which  a headwind  is  present, but  the  extension  to  include 
tailwinds  is  straightforward. 

The  other  guidance  implementation  worth  emphasizing  is  the  configur- 
ation change  command.  VTOL  configurations  different  than  the  helicopter  re- 
quire substantial  configuration  changes  to  convert  from  forward  flight  to 
powered  lift  in  the  hover.  For  jet-lift  aircraft  (e.g.  Harrier  AV-8A, 

Dornier  DO-31),  the  conversion  process  can  be  quite  flexible,  since  allowable 
combinations  of  thrust  inclination  ind  airspeed  are  relatively  unconstrained; 
for  aircraft  types  such  as  tilt-duct,  tilt-wing,  and  tilt-rotor,  however,  a 
fairly  narrow  corridor  of  combinations  exists  to  avoid  buzz  or  buffet.  It 
may  be  necessary,  therefore,  to  provide  the  pilot  with  director  information 
to  perform  the  configuration  change  safely  for  these  types  of  aircraft.  In 
a more  general  sense,  the  conversion  process  for  any  VTOL  type  may  overload 
the  pilot  without  some  information  to  help  him  perform  it,  and  hence  a con- 
figuration change  command  may  be  required. 

For  the  X-22A  aircraft,  the  center  of  the  allowable  transition  cor- 
ridor is  well  approximated  by  a linear  relationship  between  duct  angle  and 
flight  velocity,  which  simplifies  the  implementation  but  is  not  required, 
ihe  configuration  change  command  consisted  of  a commanded  duct  angle  as  a 
function  of  commanded  ground  speed  parallel  to  the  course,  which  was  imple- 
mented with  a balance-and-hold  circuit  to  begin  functioning  at  the  switch 
to  ground-speed  commands.  This  implementation  means  that  the  conversion  from 
the  forward  flight  configuration  will  be  initiated  at  ranges  which  vary  with 
the  amount  of  headwind  present;  since  the  conversion  rate  is  the  same  for  all 
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situations  (same  deceleration  required),  the  result  is  that  the  final  duct 
angle  at  hover  will  vary  according  to  headwind,  thereby  maintaining  air- 
speed-configuration within  the  allowable  corridor.  A more  thorough  discus- 
sion of  the  implementation  is  contained  in  Reference  4. 


Display  Characteristics 

One  of  the  two  major  variables  of  this  experiment  was  information 
display  sophistication,  the  characteristics  of  which  will  be  discussed  in 
this  subsection.  In  the  context  of  this  experiment,  display  "sophistication" 
comprises  a hierarchy  of  information  levels  displayed  to  the  pilot  in  an 
ergonomically  acceptable  fashion. 

Various  independent  efforts  have  been  made  to  establish  the  infor- 
mation requirements  of  the  pilot  of  a VTOL  aircraft  during  an  instrument 
approach  to  the  hover;  for  example,  a NASA  study  (Reference  7),  a JANAIR^ 
sponsored  program  (Reference  8) , and  the  report  of  an  AGARD  Working  Group 
(Reference  1).  Because  of  the  plethora  of  information  required  by  the  pilot 
for  the  stabilization  and  control  of  even  a highly-augmented  VTOL  aircraft 
during  a landing  approach,  conventional  electromechanical  instruments  have 
been  judged  unsuitable  for  the  task  due  to  the  excessively  high  mental  work- 
load required  for  the  gathering  of  information  and  the  subsequent  decision- 
making process  (Reference  1).  The  need  for  an  integrated  information  display 
has  been  established  for  the  helicopter  by  NASA  Langley  Research  Center’s 
VTOL  Approach  and  Landing  Technology  (VALT)  Program  (Reference  9)  and  for 
the  vectored-thrust  VTOL  aircraft  by  the  results  of  a preliminary  X-22A 
ground  simulator  study  (Reference  10) . The  cathode-ray  tube  (CRT)  is  the 
best  existing  display  device  for  the  high  data  density  required  in  inte- 
grated displays  and  hence  was  selected  as  the  basis  for  the  X-22A’s  electro- 
nic display  system,  described  in  more  detail  in  Reference  4. 

A schematic  diagram  of  the  evaluation  pilot’s  instrument  panel  is 
given  in  Figure  2.  The  primary  instrument  is  the  electronic  CRT  which 
presents  integrated  vertical  and  horizontc^l  information  in  formats  which  may 
be  varied  during  flight;  major  auxiliary  information  consists  of  a radar 
altimeter  with  both  analog  and  digital  readout,  a LORAS  longitudinal  air- 
speed tape  instrument,  a light  for  configuration  change  director  informa- 
tion, a conventional  electromechanical  ADI  including  three-axis  flight  dir- 
ector elements,  a duct  angle  instrument  and  conventional  RMI,  IVSI,  and 
barometric  altimeter  instruments. 

The  major  display  variable  in  this  experiment  was  the  electronic 
display  format.  Brief  investigations  of  the  effects  of  a separate  control 
director  display  on  the  ADI  and  ot'  the  lack  of  a configuration  change  direc- 
tor were  also  conducted  in  flight.  The  intent  of  the  variation  in  the  elec- 
tronic display  format  was  to  present  the  pilot  three  generic  levels  of  dis- 
played Information.  They  were: 

• ED-1:  position  and  commanded  position 


! I 


• ED-2:  position,  commanded  position,  velocity  and 

commanded  velocity  information 

• ED-3;  position,  commanded  position  and  velocity, 

with  longitudinal  ) , lateral  ) , and 
collective  ) control  director  information 

From  a practical  viewpoint,  thi  hypothesized  reduction  in  pilot  workload 
caused  by  the  increasing  levels  of  displayed  information  must  be  balanced 
against  the  increasing  cost  of  deriving  that  Information  from  more  sophisti- 
cated sensors  through  more  complex  data  processing.  The  results  of  this  ex- 
periment provide  a valid  basis  for  the  pilot-oriented  portion  of  that  trade- 
off. The  least  sophisticated  display  format,  ED-1,  presents  the  pilot  raw 
aircraft  position  in  three  dimensions;  although  probably  unacceptable  for 
less  complex  control  systems,  this  format  may  be  sufficient  if  the  pilot  is 
provided  with  augmented  control  of  the  aircraft  velocity  vector.  The  ED-2 
format  is  of  the  type  espoused  by  T.  Dukes  for  attitude-stabilized  helicop- 
ters (References  11  and  12)*.  The  ED-3  format  represents  an  attempt  to 
achieve  the  integration  of  command  and  status  information  recommended  as  a 
result  of  NASA's  VALT  Program  to  date. 

Very  little  has  been  written  about  the  philosophy  of  integrated 
display  design.  However,  it  was  the  intent  from  the  outset  to  present  the 
various  electronic  display  formats  to  the  pilot  In  as  favorable  a manner  as 
possible  so  that  any  display-related  deficiencies  would  be  a result  of  lack 
of  information  and  not  of  display  design  problems.  Therefore  many  of  the 
integrated  display  principles  of  Dukes  (Reference  11)  and  Young  (Reference 
13),  based  upon  experimental  results,  were  applied  to  the  design  of  the  three 
basic  electronic  display  formats.  In  particular,  the  following  guidelines 
were  adopted: 

• Aircraft-referenced  display  — The  aircraft  symbol  is 
fixed  and  the  other  displayed  information. moves  with 
respect  to  this  reference. 

• Error  display  -*  The  guidance  information  is  presented 
in  the  form  of  errors  rather  than  as  absolute  values 
where  possible. 

• Explicit  display  of  rates  — No  attempt  is  made  to 
have  the  pilot  estimate  absolute  or  error  rates 
implicitly  by  the  rate  of  change  of  a position 
symbol  on  the  display.  When  rates  are  displayed, 
they  are  displayed  explicitly. 


*The  authors  wish  to  express  their  appreciation  to  Messrs.  T.  Dukes  and  D. 
Carter  of  Princeton  University  for  the  loan  of  the  ICL  symbol  generator 
during  the  design  phase  of  this  experiment  and  for  their  technical  contri- 
butions concerning  the  ITED  format  and  symbology. 
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• Display  of  lead  information  — When  rate  information 
is  displayed,  its  function  is  to  lead  the  position 
symbol  to  aid  the  pilot  in  his  prediction  of  a 
future  aircraft  state. 

• Symbol  response  to  control  input  — The  location  of  a 
symbol  and  the  sense  of  its  motion  are  selected  to  be 
compatible  with  the  location  and  motion  of  its  primary 
controller. 

• Scaling  of  the  displayed  parameters  — The  scaling  of  the 
various  symbol  motions  is  selected  so  as  to  be  acceptable 
to  the  pilot  .le  not  significantly  degrading  overall 
system  performance.  A relatively  simple  display  with 
fast-moving  symbols  may  appear  "cluttered"  to  the  pilot 
while  a more  complex  display  with  slow-moving  symbols  may 
be  acceptable  to  him  but  may  also  result  in  a relatively 
poor  total  system  performance. 

The  choice  of  symbology,  although  not  as  significant  as  the  pre- 
vious considerations,  is  Important  insofar  as  it  relates  to  the  ability  of 
the  pilot  to  decode  the  information  as  it  is  presented  to  him.  Hi»  must  never 
be  in  doubt  about  the  status  of  his  aircraft  because  of  momentary  confusion 
about  the  meaning  of  a particular  symbol.  An  extensive  literature  survey, 
opinions  of  Calspan*s  pilot/engineers,  and  the  results  of  preliminary  ground- 
and  in-flight  simulation  were  all  used  to  decide  upon  the  final  version  of 
the  electronic  display  symbology  (Figure  3) . The  techniques  used  to  display 
the  required  Information  were  drawn  primarily  from  two  sources  and  modified 
as  required;  for  example,  the  aircraft  symbol  and  horizontal  velocity  vector 
are  based  upon  Dukes'  helicopter  display  work  (Reference  12)  while  the  ex- 
panding landing  pad  symbol  was  used  as  part  of  the  RAE  display  format  eval- 
uated in  the  CL-84  Tripa.tlte  Program  (Reference  14). 

The  design  of  a display  format  also  involves  a careful  considera- 
tion of  the  mission  of  the  pilot/aiccraft  system.  In  this  case  the  evalua- 
tion task  was  an  instrument  approach  to  the  hover  with  no  breakout  to  visual 
conditions.  Therefore  the  emphasis  of  the  display  design  process  was  placed 
upon  the  most  crucial  portion  of  the  task,  the  precision  hover. 

The  synthesis  of  the  logic  driving  the  control  director  elements 
of  the  ED-3  display  format  constituted  a major  portion  of  the  display  design 
process.  The  principles  which  guided  the  control  director  design  were: 

e Design  condition  — The  precision  hover  was  the  critical 
portion  of  the  task  and  hence  the  design  condition 
for  the  control  director. 

e Si.'nli^ieH  logic  — An  attempt  was  made  tu  minimize  the 
need  for  logic  switching,  error  limiting,  and  gain 
scheduling. 
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• Use  of  manual  control  theory  — The  response  of  the 

director  el“!5icr:ts  to  control  inputs  must  be 
acceptable  to  the  pilot  and  yet  not  signific  tly 
degrade  overall  system  performance. 

• Four-axis  director  — Each  director  element  commanded 

a s^ngle  control  input;  therefore,  I*-  general, 
four  director  elements  were  required  for  the  task: 
longitudinal  stick,  lateral  stick,  collectivc- 
stick  (thrust  magnitude),  and  duct  angle  (thrust 
direction) . 

The  final  version  of  the  control  director  logic  was  a result  of  preliminary 
analysis,  extensive  ground  simulation,  and  in-flight  testing.  Based  upon 
'he  experience  of  NASA  Langley  (Reference  15)  it  was  decided  to  use  the 
’control  command"  Instead  of  "control  demand"  version  of  control  directors 
(Reference  7)  for  the  longitudinal,  lateral,  and  collective  controllers. 
Basically,  this  decision  eliminated  control  position  as  a possible  feedback 
variable  to  the  display;  therefore  the  proper  airplane  response,  not  control 
input,  was  required  to  center  each  control  director  element.  Many  techniques 
for  control  director  design  based  upon  the  theory  of  manual  control  were 
examined  (see,  for  example.  Reference  2).  A technique,  based  upon  classical 
control  theory,  used  by  Systems  Technology,  Inc.  (STI)  (Reference  16,  for 
example)  was  finally  adopted.  The  technique  involves  the  fulfillment  of 
several  guidance-  and  pilot-oriented  requirements.  The  pilot-oriented  re- 
quirements are  based  upon  the  STI  "crossover"  pilot  model;  basically,  the 
director  element  must  be  designed  so  as  to  respond  in  a manner  propo'rtlor<\l 
to  the  Integral  of  the  pilot's  control  input  in  the  region  of  potential  cross- 
over frequency  in  order  to  ensure  pilot  acceptability  and  good  closed- loop 
system  characteristics  for  a wide  range  of  pilot  gains. 

The  three  control  director  elements  on  electronic  display  form^^t 

ED-3  are: 

• Horizontal  bar  (HBAR)  — longitudinal  stick  command 

• Vertical  bar  (VBAR)  — lateral  stick  (S^^)  command 

• Vertical  tab  (VTAB)  — collective  stick  (S^^)  command 

HBAR  and  VBAR  are  implemented  as  "fly-to"  commands  while  VTAB  represents  a 
"fly-away"  comnand;  that  is,  HBAR  down  and  VBAR  right  command  forward  and 
right  center  stick  inputs  respectively,  wh^.le  VTAB  down  requires  an  up  col- 
lective input.  In  general  the  HBAR  and  VBAR  control  director  logic  is  ex- 
pressed as  follows: 

hear  - 

VBAR  ■ A-y 

The  one  exception  to  the  above  logic  Is  that,  when  the  heading  hold  (HH) 
directional  mode  is  selected,  the  roll  angle  feedback  to  VBAR  is  washed-out 
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with  a three  second  time  constant  to  avoid  standoff  errors  due  to  wing-down 
approach  s-  The  values  fnr  the  d“ttertnr  gains  vary  as  a function  of  generic 
controlled  vehicle  characteristics;  these  gains  are  presented  in  Table  II. 
VTAB  is  generated  as  follows: 

VTAB  = ■>' 

The  VTAB  gain  is  made  an  increasing  function  of  duct  angle  to  compensate 
for  the  decreasj^g  vertical  damping  of  the  basic  X-22A  with  increasing  duct 
angle.  The  values  for  the  VTAB  gain  are  also  presented  in  Table  II. 

The  fourth  control  director  element,  the  configuration  change  dir- 
ector (or  ITVIC  - Independent  Thrust  Vector  Inclination  Command),  was  devel- 
oped in  the  ground  simulator  and  implemented  in  the  form  of  a light  on  the 
evaluation  pilot’s  instrument  panel  to  give  ON-OFF  duct  rotation  commands. 
This  type  of  control  director  corresponds  to  the  nature  of  the  duct  angle 
controller,  a switch  on  the  collective  stick  which  drives  the  ducts  at  a 
constant  5 deg/sec  rate  when  activated.  During  the  deceleration  portion 
of  the  task,  the  ITVIC  light  1?  ON  when  a commanded  duct  angle 
exceeds  th^  actual  duct  angle  (A)  by  three  degrees.  The  commauded  duct 
angle  is  a linear  function  of  the  commanded  ground  spe:=d  and  hence  a function 
of  range  to  the  hover  point.  When  the  ducts  are  rotat^^d  to  reduce  the  duct 
angle  error  to  0.5  degree,  the  light  is  extinguished.  This  particular  value 
of  hysteresis  in  the  ITVIC  logic  was  chosen  to  command  a sufficient  number 
of  duct  rotations  so  as  to  minimize  the  pitch  attitude  oscillations  required 
for  vernier  velocity  control  during  the  deceleration,  and  yet  few  enough  ro-- 
rations  to  minimize  the  pilot’s  dwell  time  on  this  portion  of  the  display 
as  well  as  to  reduce  t>^e  number  and  magnitude  of  the  pressure  transients 
in  the  duct  drive  hydraulic  system. 

Two  variations  on  the  basic  electronic  display  formats  were  also 
evaluated.  Format  ED- 2+  was  added  as  a result  of  preliminary  flight  testing 
which  inaicated  the  need  for  a collective  control  director  due  to  the  high 
pilot  workload  required  in  the  control  of  vertical  errors.  Format  ED-l/FD 
consisted  of  the  ED-1  electronic  display  and  three-axis  control  director 
information  displayed  on  the  electromechanical  ADI;  this  display  configura- 
tion corresponded  to  NASA  Langley’s  CH-46  format  (Reference  15)  and  was  in*- 
cluded  both  to  verify  ^heir  results  and  to  reinforce  the  requirement  for 
integrated  displays.  A brief  investigation  of  the  effects  resulting  from 
the  absence  of  a configuration  change  director  was  also  conducted  to  verify 
the  results  of  a preliminary  simulator  study  which  indicated  an  intolerable 
pilot  workload  without  it.  The  final  electronic  display  formats  are  pre- 
sented in  Figure  3;  a more  detailed  explanation  of  the  symbology,  emphasiz- 
ing the  generic  levels  of  information,  is  given  in  Table  III. 

Two  alterations  in  the  display  formats  occur  at  or  near  the  hover 
under  pilot  control.  The  push-button  control  which  selects  the  automatic 
turn  coordination  (ATC)  or  the  heading  hold  (KH)  directional  modes  also 
selects  the  reference  frame  for  the  horizontal  situation  display.  When  ATC 
IS  selected,  an  approach  course-referenced  system  is  used  for  the  display 
of  horizontal  position  and  velocity;  this  system  is  illustrated  in  Figure  3. 
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vnien  HH  Is  selected  near  the  hover,  an  aircraft  heading-referenced  system  is 
used  in  which  the  tail  of  the  aircraft  symbol  is  fixed  and  the  landing  pad/ 
approach  course  symbol  both  translates  and  rotates  to  Indicate  position  and 
orientation.  The  heading-referenced  display  proved  to  be  more  effective  in 
conveying  to  the  pilot  the  information  required  for  the  precision  hover; 
however  the  earth-referenced  system  was  preferable  for  the  approach.  A 
second  format  variation  for  tha  hover  task  was  a discrete  Increase  in  sensi- 
tivity of  the  velocity  vector  and  velocity  command  diamond  selected  by  the 
pilot  by  voice  command  to  the  radar  operator;  in  this  "hover  mode"  the  scal- 
ing of  the  vector  and  diamond  was  5 kt/cm  while  the  approach  scaling  was  20 
kt/cm.  Both  of  the  above  display  variations  resulted  from  preliminary 
flight  testing  of  the  display  formats. 


Control  System  Characteristics 

P.e  other  major  design  variable  of  this  experiment  was  the  degree 
of  stability  and/or  control  augmentation  provided  to  the  aircraft.  The  in- 
tent during  the  design  of  the  augmentation  systems  was  to  examine  generic 
levels  of  coiq>lexlty  to  aid  the  design  of  future  augmentation  schemes,  and  so 
the  characteristics  of  each  were  chosen  to  be  "good"  in  the  sense  of  compli- 
ance with  MIL-F-83300  (Reference  17)  when  possible,  with  verification  of  the 
control  forces  and  sensitivities  being  made  during  the  preliminary  ground 
simulations.  The  baseline  system  was  selected  to  be  an  attitude  command  aug- 
mentation system  similar  in  concept  and  characteristics  to  that  used  by  NASA- 
Langley  (Reference  9);  systems  both  less  complex  and  more  complex  were  then 
designed  consistent  with  past  design  practice  and  projected  possibilities. 

The  five  resulting  control  systems  are  described  in  the  following  paragraphs; 
salient  characteristics  of  them  are  listed  in  Table  IV. 

Rate  Augmentation.  This  control  system  represents  the  minimum  con- 
trol and  stability  augmentation  system  complexity  considered  feasible  for 
V/STOL  aircraft.  In  particular,  the  system  was  mechanized  as  rate  SAS  only, 
with  pitch,  roll,  and  yaw  rate  stabilization  approximately  equal  to  the  basic 
X-22A  SAS  chosen  as  a representative  level.  Although  the  resulting  dynamic 
characteristics  through  transition  were  therefore  dependent  on  the  X-22A 
aerodynamics  and  hence  not  completely  general,  these  characteristics  are 
representative  of  this  class  of  V/STOL  aircraft,  and  the  results  for  these 
conflguratiotic  therefore  provide  a suitable  base  for  minimal  augmentation 
complexity.  Duct  rotation  is  manual. 

Attitude  Comiand  Augmentation.  This  system  is  the  baseline  con- 
figuration  chosen  to  be  similar  to  that  used  in  the  NASA-Langley  experi- 
ments (Reference  9).  The  directional  axis  is  dual  mode,  selectable  by  the 
pilot;  oae  mode  is  automatic  turn  following  (zero  sideslip)  implemented  by 
feeding  back  lateral  velocity  and  washed-out  yaw  rate  in  the  directional 
channel,  and  the  other  mode  is  yaw-rate-command-heading-hold.  Implemented  by 
closing  a heading  loop  in  the  directional  channel,  removing  the  washout  on 
yaw  rate,  and  using  a proportional-plus-integral  filter  on  the  rudder  com- 
mands. Both  the  pitch  and  roll  axes  provide  attitude  command  responses, 
although  the  Implementations  were  different.  In  the  pitch  channel,  the 
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aircraft  was  highly  attitude  augmented  4,0  rad/sec  at  hover)  to  minimize 

turbulence  response  and  coupling  inputs  from  the  collective;  the  pitch  stick 
commands  were  then  shaped  through  a second-order  pre-filter  "model”,  v^itii 
feedforward  gains  on  stick  input,  model  pitch  rate,  and  model  pitch  attitude 
used  to  ensuio  second-order  aircraft  response.  The  prefilter  characteristics 
=2.0  rad/sec,  ^ = 0.7)  were  chosen  to  be  consistent  with  "good"  short- 
term longitudinal  response  characteristics  as  determined  in  an  earlier  X-22A 
experiment  (Reference  18).  In  the  lateral  channel,  system  limitations  pre- 
cluded a similar  implementation,  and  so  attitude  augmentation  only,  of  a 
lower  level,  was  used  (u/,,  ^ 2,0,  ? ^ 0.5  at  hover).  Again,  duct  rotation  is 
manual. 

Pitch  Attitude  Command/Roll  Rate  Command.  This  system  is  identi- 
cal to  the  attitude  command  system  described  above  except  that  an  Integral- 
plus-proportional  prefilter  is  added  to  the  roll  stick  input  to  provide  a 
rate-commaud-attitude-hold  roll  response.  Although  the  emphasis  of  this  ex- 
periment was  on  localizer  and  glide  slope  tracking  through  deceleration  rather 
than  initial  acquisition,  it  was  recognized  that  roll  attitude  command  is 
generally  disliked  by  pilots  for  gross  maneuvering  because  of  the  necessity 
to  hold  a constant  force  while  performing  a turn.  The  purpose  of  this  con- 
trol configuration  was  therefore  to  ascertain  if  tracking  and  hover  perfor- 
mance would  be  the  same  for  roll  rate  command  and  attitude  command.  As  with 
the  baseline  control  system,  duct  rotation  was  manual. 

Automatic  Duct  Rotation.  This  control  system  represents  an  in- 
crease in  complexity  from  the  baseline  attitude  command  system  by  making  the 
duct  rotation  automatic  instead  of  manual.  The  pitch,  roll,  yaw,  and  collec- 
tive stick  implementations  and  response  characteristics  are  identical  to  those 
of  the  attitude  command  configuration.  The  automatic  rotation  is  provided  by 
feeding  the  ITVIC  director  signal  to  the  duct  rotation  system.  It  should  be 
noted  that,  conceptually,  the  elimination  of  the  manual  configuration  change 
provides  a situation  comparable  to  the  helicopter  instrument  approach  studies 
of  Reference  9. 

Decoupled  Velocity  Control.  This  control  system  was  the  most  com- 
plex investigated,  and  in  fact  is  only  one  step  away  from  a fully  automatic 
system.  The  intent  of  the  design  was; 

• To  provide  decoupled  responses  to  collective  stick 
(vertical  velocity  with  respect  to  the  ground)  and 
duct  angle  (longitudinal  velocity  with  respect  to 
the  ground)  over  the  full  range  of  duct  angles  from 
forward  flight  to  hover. 

• To  provide  augmented  damping  and  hence  improved  aircraft 
responses  in  vertical  and  longitudinal  velocity. 

• To  minimize  pitch  attitude  input  requirements  through 
the  transition. 

In  order  to  meet  the  design  goals,  the  vertical  and  longitudinal  velocity 
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errors  as  determined  by  the  guidance  system  were  used  in  feedback  loops  in  the 
control  system  in  addition  to  the  conventional  aircraft  quantities.  Some 
degree  of  decourlirig  <ind  augmentation  was  sacrificed  in  an  effort  to  avoid 
the  necessity  of  prograiuiulng  all  the  feedbacks  and  cross^gearlngs  <is  a fuuc:** 
tion  of  duct  angle,  and  In  fact  in  the  final  design  only  one  programmed  cross- 
gearing (collective  to  pitch  stick)  was  used.  This  system  again  employs 
automatic  duct  rotation.  Details  of  the  design  are  contained  in  Reference  4; 
a summary  of  the  implementation  is  given  in  Table  V. 


CONDUCT  OF  THE  EXPERIMENT 


Equipment 

The  U.  S.  Navy  X-22A  V/STOL  aircraft  was  used  as  the  in-flight 
simulator  for  this  experiment  (Figure  4).  This  aircraft  has  a Calspan- 
designed  four-axis  (pitch,  roll,  yaw,  thrust)  VSS  which  enables  xt  to  repro- 
duce a wide  variety  of  aircraft  dynamic  characteristics;  details  of  the  X-22A 
and  its  VSS  are  covered  more  fully  in  Reference  19.  For  this  program,  the  VSS 
capabilities  were  considerably  enhanced  by  the  addition  of  a Calspan-designed- 
and-fabricated  on-board  analog  computer  (Reference  20),  which  performed  all 
of  the  guidance  and  some  of  the  control  system  functions  discussed  earlier 
in  this  paper.  Both  experimental  and  flight  safety  data  were  telemetered  to 
the  Mobile  Data  Monitoring  System  and  Digital  Data  Acquisition  System  devel- 
oped expressly  for  the  X-22A  by  Calspan  (Reference  21).  In  addition,  the 
X-22A  Ground  Simulator  was  used  extensively  as  a design  tool  during  the  ini- 
tial stages  of  the  experiment  (References  10,  22). 

To  provide  a variable  display  capability,  a Calspan-designed-and-^ 
fabricated  analog  symbol  generator  in  conjunction  with  a 5**  Kaiser  CRT  were 
added  to  the  aircraft  (References  20,  23).  The  programmable  symbol  genera- 
tor is  capable  of  producing  as  many  as  32  different  calligraphic  symbols, 
and  combines  the  simplicity  and  ease  of  programming  available  in  an  analog 
computer  with  an  in-flight  flexibility  exceeding  that  of  more  complex  digi- 
tal devices.  Ten  combinations  of  the  thirty-two  output  channels  can  be  indi- 
vidually blanked  through  the  use  of  switches  in  the  cockpit;  additionally,  a 
display  mode  switch  selects  different  inputs  to  the  symbols  to  provide  either 
an  approach-course-up  or  heading-up  reference  for  the  display  format.  These 
capabilities  are  very  important  for  in-flight  research  experiments,  as  differ- 
ent display  presentations  may  be  evaluated  during  flight  without  landing  and 
reprogramming  the  symbol  generator. 

For  this  experiment,  the  raw  X,Y,2  position  data  were  provided  by 
an  AN/SPN-42T1  precision  tracking  radar  manufactured  by  the  Bell  Aerospace 
Company.  These  data  were  obtained  by  resolving  elevation,  azimuth,  and 
range  information  from  the  radar  into  X,Y,Z  components  relative  to  one  of  five 
selectable  approach  course  directions;  these  components  were  then  telemetered 
to  the  aircraft  for  processing  on-board.  As  was  discussed  earlier,  the  guid- 
ance computations  performed  on  the  analog  computer  in  the  aircraft  were  essen- 
tially independent  of  the  AN/SPN-42T1  equipment;  the  only  exception  was  the 
necessity  to  perform  a scale  change  to  ensure  sufficient  resolution  in  the 
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X and  Z radar  data  in  hover  because  of  the  limited  digital  word  length  (and 
hence  scaling  per  ”bit**)  of  the  telemetry  uplink  in  the  AN/SPN-42T1.  Details 
concerning  this  scale  change,  and  other  characteristics  of  the  radar  system, 
are  contained  in  Reference  4. 


Evaluation  Task  and  Procedure 

To  obtain  valid  fl>ing  qualities  data  in  the  form  of  pilot  ratings 
and  comments,  careful  attention  must  be  given  to  defining,  for  the  evaluation 
pilot,  the  mission  which  the  aircraf t/display/pilot  combination  will  perform 
and  the  conditions  in  which  it  will  be  performed.  For  this  experiment,  the 
simulated  aircraft  was  defined  to  be  a vectored-thrust  VTOL  transport  with 
all-weather  capability  performing  terminal  area  operations;  the  aircraft  was 
considered  to  be  a two-pilot  operation  to  the  extent  that  the  evaluation 
pilot  was  relieved  of  secondary  duties  (e.g.  communications)  during  the  per- 
formance of  the  mission. 

The  specific  tasks  to  be  accomplished  for  each  evaluation  consist- 
ed of  two  fully-hooded  instrument  approaches  from  100  kt  to  the  hover;  at  the 
conclusion  of  the  second  approach,  vertical  airwork  and  an  actual  hooded 
landing  were  options  available  to  the  pilot.  The  elements  of  the  approach  are 
shown  ill  Figure  5 and  summarized  below: 

• level  flight  localizer  acquisition  (1700  ft  AGL,  100  kt) 

• constant  speed  glide  slope  acquisition  (7.5  degrees)  at 
approximately  12,000  ft  range 

• constant  deceleration  (,05g)  on  the  glide  slope, 
comnencing  at  a range  dependent  on  headwind  (zero-wind 
range  approximately  8000  ft) 

• flare  to  level  final  approach  commencing  at  approxi- 
mately 800  ft  range,  final  altitude  100  ft,  deceler- 
ation continuing  to  hover 

• hover  at  100  ft  abov^  simulated  pad,  vertical  airwork 
as  desired. 

It  should  be  noted  that  this  approach  task  was  chosen  to  provide  a repre- 
sentative level  of  difficulty,  and  was  not  designed  to  exploit  or  to  avoid 
either  capabilities  or  limitations  of  the  X-22A,  In  particular,  the  constant 
deceleration  profile  is  a more  demanding  task  for  the  pilot/aircraft/display 
system  than  one  ’’optimized”  to  a particular  aircraft  (e.g,  constant  attitude 
for  helicopters),  but  operational  use  of  VTOL  aircraft  may  require  that  they 
all  follow  identical  deceleration  profiles,  and  constant  deceleration  is 
reasonable  from  an  implementation  point  of  view  and  provides  a realistic 
operational  task. 

Upon  completion  of  the  two  instrument  approaches,  the  pilot  made 
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comments  with  reference  to  a detailed  comment  card  which  directed  his  atten- 
tion to  the  characteristics  of  the  display,  control  system,  and  his  perfor- 
mance which  were  of  interest.  He  then  assigned  a Cooper-Harper  pilot  rating 
(Reference  24)  to  the  aircraft /'display  configuration  as  evaluated,  although 
actual  landings  were  not  to  be  weighted  into  the  rating,  and  also  assigned 
a turbulence  effect  rating,  the  purpose  of  which  is  primarily  to  give  the 
analyst  a qualitative  indication  of  how  much  the  ambient  turbulence  affected 
the  evaluation. 


EXPERIMENT  RESULTS 


Data  obtained  in  this  flight  experiment  consist  of  pilot  ratings 
and  commentary  for  each  configuration,  measurements  of  performance  indices, 
control  usage  data,  and  aircraft  response  calibration  records.  The  calibra- 
tion records  are  used  to  verify  the  simulated  dynamics  by  application  of  a 
digital  identification  technique  developed  for  the  X-22A  (Reference  25) ; an 
example  longitudinal  case  is  shown  in  Figure  6.  This  paper  will  discuss  the 
pilot  rating  data  and  their  implications;  analyses  of  performance  indices 
and  more  detailed  discussions  of  other  results  are  given  in  Reference  4. 


General  Results 

Figure  7 summarizes  the  bulk  of  the  pilot  rating  data  obtained  on 
a ’’plot"  of  display  sophistication  versus  control  complexity.  This  means  of 
presenting  the  data  is  chosen  to  facilitate  comparison  of  trends  with  the 
AGARD  graph  in  Figure  1;  it  is  emphasized  that  the  axes  are  ordinal  rather 
than  interval,  and  that  the  approximate  iso-rating  lines  refer  only  to  the 
data  specifically  on  the  figure  as  a device  to  emphasize  the  interactive 
effects.  The  data  on  this  figure  represent  evaluations  performed  when  cross- 
winds  were  not  considered  a major  influence  on  the  evaluation  — repeat 
evaluations  chosen  to  emphasize  the  important  effects  of  crosswinds  will  be 
discussed  separately. 

Consider  initially  those  configurations  for  which  the  pilot  rating 
indicates  satisfactory  system  performance  (PR 5 3.5).  In  a general  sense, 
the  most  apparent  result  is  the  demonstration  of  the  hypothesized  inter- 
action between  control  complexity  and  display  sophistication:  as  the  level 

of  augmentation  and/or  automation  increases,  the  required  display  presenta- 
tion decreases  from  fuJl  integrated  control  director  information  to  velocity 
(and  velocity  command)  information  both  vertically  and  horizontally.  It  is 
apparent  also  that,  for  a satisfactory  system,  the  display  must  include  vel- 
ocity status  information,  a result  which  corresponds  to  Dukes’  findings 
(Reference  12);  this  requirement  is  primarily  hover-oriented,  and  is  a func- 
tion of  the  need  to  know  translational  drift  velocities  accurately  for 
touchdown.  In  the  NASA- Langley  experiments,  touchdowns  were  performed  with- 
out velocity  status  information,  using  only  control-director  and  horizontal 
position  information,  but  the  conclusion  was  that  the  system  "was  not  ade- 
quate for  operational  use"  (Reference  9);  the  corresponding  configuration  in 
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this  experiment  was  the  ED-1  display  and  control  director  information  on  the 
ADI  neeuies  with  the  attitude  command  control  system,  and  the  pilot  rating 
ol  7 coi.iouui.ciLes  the  unacccptability  cf  this  combinati nn . 

Within  those  configurations  considered  satisfactory,  several  im- 
portant points  should  be  noted.  First,  pitch  and  roll  control  directors  are 
not  required  for  satisfactory  performance  with  an  attitude  command  system  as 
implemented  in  this  experiment;  although  Dukes’  helicopter  simulations  demon- 
strate a similar  conclusion  for  the  hover  task,  until  this  X-22A  experiment 
it  was  thought  that  full  control  command  information  would  be  required  for 
satisfactory  decelerating  instrument  approaches  (Reference  9).  Second,  note 
that  when  the  pilot  is  relieved  of  performing  the  configuration  change 
(Auto  > ),  the  necessity  for  a collective  stick  director  for  vertical  con* 
trol  is  removed;  pilot  comments  indiccte  that  the  automatic  duct  rotation 
allowed  him  to  concentrate  more  thoroughly  on  the  vertical  task,  and  that 
ve»“tical  position  and  rate  errors  then  were  sufficient  for  satisfactory  con- 
trol. If  the  pilot  must  perform  the  configuration  change  manually,  however, 
the  collective  director  is  necessary  to  reduce  the  workload  in  that  axis;  in 
general,  control  of  vertical  velocity  is  a demanding  task  in  VTOL  aircraft 
because  of  the  chariging  effects  of  thrust  magnitude  with  configuration  and 
velocity  as  well  as,  for  the  task  used  in  this  experiment,  the  requirement 
to  arrest  the  rate  of  sink  at  100  ft  AGL  while  still  decelerating.  The 
tradeoff  between  display  sophistication  and  level  of  automaticity  is  quite 
evident  in  this  control  axis.  Finally,  note  that,  as  long  as  velocity  infor- 
mation is  given  to  the  pilot  on  the  display,  no  trend  of  pilot  rating  with 
display  sophistication  is  evident  for  the  decoupled  velocity  control  system. 
This  result  indicates  the  advantage  of  providing  the  pilot  with  augmented 
and  decoupled  control  over  the  two  velocity  components  of  major  interest 
plus  eliminating  the  need  for  manual  configuration  changes;  if  "good"  air- 
plane response  characteristics  relative  to  the  task  are  provided,  the  details 
of  the  displayed  information  become  less  important  to  satisfactory  system 
performance. 

Turning  to  those  combinations  rated  adequate  but  unsatisfactory 
(3.5  5 PR  < 6.5),  the  data  are  useful  primarily  for  noting  trends  as  either 
display  sophistication  or  augmentation  complexity  is  reduced  from  the  level 
required  for  a satisfactory  system.  First,  note  that  acceptable  system 
performance  is  possible  with  rate  augmentation  only  (when  the  effects  of 
crosswinds  are  not  important)  if  the  display  includes  integrated  full  control 
director  information.  Such  a combination  is  unsatisfactory  primarily  because 
of  attitude  control  problems  in  the  hover,  even  with  the  stabilization  com- 
mands provided  by  the  pitch  and  roll  directors;  pilot  comments  indicate  a 
tendpr.jy  to  overcontrol  in  pitch  when  attempting  to  move  around  the  landing 
pad,  and  a preference  for  force  feedback  from  the  controls  to  help  know  the 
attitude.  Roll  attitude  control  problems  in  hover  also  account  for  the  de- 
gradation in  rating  when  the  pitch  and  roll  control  directors  are  removed 
from  the  display  for  the  pitch  attitude/roll  rate  command  control  system. 
Difficulties  in  maintaining  precise  control  of  vertical  velocity  and  glide 
slope  are  responsible  for  the  degradation  when  the  collective  stick  director 
is  removed  with  the  attitude  command  system  (going  from  ED-2+  to  ED-2);  as 
indicated  earlier,  vertical  control  is  a demanding  task  which  requires 
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i»  creased  display  sophistication  when  the  config”.ration  change  must  be  per- 
formed manually. 

Considering  finally  those  combinations  considered  liutdequate  for 
the  task  (PR  > 6.5),  two  Important  results  are  apparent.  First,  rate  augmen- 
tation only  is  unacceptable  if  pitch  and  roll  control  directors  are  not  pro- 
vided; as  would  be  expected,  control  of  pitch  and  roll  attitude  during  the 
deceleration  and  hover  requires  an  intolerable  level  of  pilot  compensation 
if  stabilization  commands  are  not  explicitly  provided.  Second,  the  lack  of 
displayed  velocity  information  (ED-1)  is  unacceptable  even  with  a high  de- 
gree of  automation  and  augmented  aircraft  translational  velocity  responses. 
The  requirement  for  explicit  velocity  Information  is  hover-oriented,  as 
pilot  conments  Indicate  that  the  precision  of  control  necessary  for  touch- 
down must  include  displayed  velocity  information  for  even  an  acceptable  situ- 
ation to  exist. 


Effects  of  Crosswinds 

Although  acceptable  system  performance  for  the  rate  augmentation/ 
full  control  director  combination  had  been  predicted  by  the  ground  simula- 
tions prior  to  flight  and  verified  in  flight  when  low  headwinds  were  present, 
pilot  conments  in  the  evaluations  noted  that  control  of  heading,  without  the 
dual-mode  directional  system  used  in  the  more  complex  augmentation  schemes, 
required  additional  attention  in  the  hover.  This  problem  would  be  exacer- 
bated if  the  pilot  were  required  to  perform  large  heading  changes  in  the 
hover  to  line  up  with  the  wind,  and  so  selected  repeat  evaluations  were  per- 
formed with  a pure  crosswind  of  approximately  10  kt.  The  resulting  data  are 
shown  in  Figure  8.  As  can  be  seen,  the  rate  augmentation  control  system  is 
now  unacceptable  even  with  full  control  director  information.  This  degrada- 
tion is  a result  of  the  pilot  being  unable  to  point  the  aircraft  into  the 
wind  during  the  hover  and  the  concomitant  drift  velocities  that  are  generat- 
ed. Note  that  no  degradation  was  observed  for  the  attitude  command  system 
in  crosswinds,  because  the  turn-following  (zero  sideslip)  mode  of  the  direc- 
tional control  channel  pointed  the  aircraft  into  the  wind  automatically. 

It  is  possible  that  a display  of  wind  direction  information  to  the  pilot 
could  largely  alleviate  this  problem  for  the  rate  augmentation  control  sys- 
tem; although  this  additional  information  can  be  derived  by  the  onboard 
LORAS  airspeed  sensors,  the  inclusion  of  it  was  not  Investigated  in  this  ex- 
periment. Without  this  information,  the  control  system  must  perform  the 
pointing  function  to  achieve  a satisfactory  or  acceptable  system. 


Effects  of  ITVIC 

The  data  presented  in  Figures  7 and  8 and  discussed  In  the  pre- 
ceding subsections  were  all  obtained  using  the  Independent  Thrust  Vector 
Inclination  Command  (ITVIC)  director  light,  either  to  command  the  pilot  to 
perform  configuration  changes  when  manual  duct  rotation  was  required,  or  as 
status  information  when  the  evaluation  configuration  included  automatic 
rotation.  Although  it  had  originally  been  planned  to  devote  several  repeat 
evaluations  to  investigating  the  effects  of  removing  the  ITVIC  signal,  in 

314 


1" I"- 


■"r’" T'— 


T 


T 


I 


1 


1 


1 


f 


I ‘ ' 

f I 1 I I I t 


fact  only  two  such  evaluations  were  necessary  to  demonstrate  its  usefulness, 
and  further  investigation  would  have  been  pointless.  The  two  configurations 
used  for  this  check  both  had  the  baseline  attitude  command  control  system,  one 
with  the  full  control  director  display  (ED-3)  and  one  with  the  velocity  com- 
mand display  (ED-2).  In  each  case,  the  configuration  was  rated  marginally 
acceptable  (PR  = 6);  for  the  control  director  format,  this  degradation  is  from 
a system  that  1^  satisfactory  with  the  ITVIC.  The  pilot  comments  indicate 
that  the  increased  compensation  required  to  derive  configuration  change  com- 
mand information  from  either  the  control  director  or  the  velocity  command  dia- 
mond Increased  the  workload  considerably  and  degraded  tracking  performance, 
particularly  in  the  vertical  plane. 

CONCLUDING  REMARKS 


The  experiment  described  in  this  paper  was  performed  using  the 
X-22A  variable  stability  V/STOL  aircraft,  which  is  capable  of  changing  both  sta- 
bility/control characteristics  and  display  presentations  in  flight.  Although 
some  of  the  dynamic  situations  simulated  in  this  flight  program  are  dependent 
on  the  basic  aerodynamic  characteristics  of  the  X-22A,  these  characteristics 
are  representative  of  this  class  of  vehicle;  the  guidance  and  display  concep- 
tual developments  are  largely  Independent  of  the  actual  aircraft  employed. 

General  conclusions  which  may  be  drawn  from  the  successful  comple- 
tion of  this  flight  program  are: 

• Descending  decelerating  approach  transitions  from  forward 
flight  to  the  hover  may  be  performed  by  VTOL  aircraft 
under  Instrument  conditions  given  satisfactory  control 
and  display  system  characteristics  as  defined  by  this 
experiment . 

• A tradeoff  between  control  augmentation  complexity  and 
display  presentation  sophistication  exists  for  generic 
levels  of  each. 

Specific  results  pertinent  to  the  effects  of  the  control  system  and  display 
variables  investigated  in  this  experiment  lead  to  the  following  conclusions: 

• Satisfactory  task  performance  is  achieved  without 
pitch  and  roll  control  directors,  for  manual  configura- 
tion changes,  with  the  Independent  Thrust  Vector  Inclin- 
ation Command  (ITVIC),  if  an  attitude  command  system  in 
pitch  and  roll  and  a dual-mode  yaw  connand  system  is  im- 
plemented. No  effect  of  crosswinds  on  the  ratings  for 
this  combination  was  observed. 

• Pilot  comments  for  all  the  control  systems  investigated 
express  a preference  for  a control-force-aircraft-atti- 
tude relationship  in  both  pitch  and  roll  for  instrument 
hover.  This  conclusion  might  be  qualified  by  the  fact 
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that  the  attitude  presentation  on  the  electronic  display 
was  difficult  to  interpret;  nonetheless,  the  comments 
indicate  a desire  to  obtain  the  attitude  information 
through  control  forces  rather  than  visual  scanning. 

• For  VTOL  aircraft  like  the  X-22A  with  low  natural  height 
damping  in  and  near  the  hover,  a thrust  magnitude  direc- 
tor is  required  for  satisfactory  task  performance  if 
the  pilot  must  also  perform  configuration  changes.  Re- 
lieving the  pilot  of  the  configuration  change  job  allows 
increased  attention  to  the  vertical  tracking  task  and 
removes  the  requirement  for  a control  director  in  that 
axis. 

• The  minimal  level  of  displayed  information  must  include 
translational  velocity  information  to  obtain  acceptable 
performance,  regardless  of  the  level  of  control  augmenta- 
tion to  the  extent  investigated  in  this  experiment. 

This  requirement  is  primarily  hover-oriented,  and  re- 
flects the  pilot's  dislike  of  having  to  obtain  transla- 
tional rates  implicitly  from  the  movement  of  symbols  on 
the  display. 

• Rate  augmentation  alone  is  unacceptable  for  the  task 
investigated  unless  full  control  director  information 
is  provided.  Although  performance  with  the  rate  system 
became  unacceptable  in  cronswinds  even  with  full  direc- 
tor information,  it  is  possible  that  an  improved  atti- 
tude presentation  and  the  addition  of  wind  direction 
information  would  provide  an  acceptable,  although  still 
unsatisfactory,  system. 

• Decoupling  and  augmenting  the  longitudinal  and  vertical 
velocity  responses  to  control  Inputs  considerably  en- 
hanced task  performance,  and  tends  to  eliminate  the 
trends  of  pilot  rating  with  display  sophistication  in  the 
configurations  where  ground  velocity  is  explicitly  dis- 
played. 

• The  Independent  Thrust  Vector  Inclination  Command  (ITVIC) 
director  for  manual  configuration  changes  was  required 

to  achieve  satisfactory  system  performance. 

• A simple  implementation  of  airspeed-groundspeed  command 
and  tracking  switching  was  shown  to  be  valuable  as  a 
means  of  maintaining  aircraft  parameters  within  the 
allowable  transition  corridor. 
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TABLE  I 

HORIZONTAL  VELOCITY  GUIDANCE  COMMANDS 


VELOCITY 

COMMANDS 

BEFORE  SWITCHING 
(AIRSPEED/COURSE  TRACKING) 

AFTER  SWITCHING 
(DECELERATION  TO  HOVER) 

EARTH- 
REF  RENCED 

O V C 

-Ui-fx,  , x^>o 

. ' '-’ViM 

K - 

A/C  HEADING- 
REFERENCED 

1 

\ 

II 

u 

- cos  ^ scr> 

c 

06y  - + 2144  sl» 

& 

II 

-h  cos 

NOTATION:  f - aircraft  heading  with  respect  to  approa:h  course 

( = approach  course  (earth) -referenced  quantity 

( ~ aircraft  heading  referenced  quantity 

( ) = command  quantity 

c 

( )'  = a "before  switching"  quantity 
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TABLE  II 

CONTROL  DIRECTOR  LOGIC 


FULL  SCALE  SIGNAL 

DIRECTOR 

ELEMENT 

— 

VAf'JABLE 

RATE 

AUGMENTATION 

ATT/RATE 

AUGMENTATION 

ATTITUDE 

AUGMENTATION 

DECOUPLED 

VELOCITY 

CONTROL 

HBAR 

i 33  (ft/ sec) 

33 

33 

33 

33 

i 37  (deg) 

75 

75 

75 

9 

♦ T’O  (deg/sec) 

230 

230 

230 



VBAR 

"F42  (ft/sec) 

42 

42 

42 

42 

<t> 

t 20  (deg) 

20 

no 

no 

110 

t 67  (deg/sec) 

38 

296 

296 

296 

VTAB 

s — ' 

tlOO 

100 

100 

0) 

^ 1 

i 50  (ft/ sec) 

50 

1 

50 

i 

250 

1 

♦ 

(A=  900) 

I 

i 10  (ft/ sec) 

1 

10 

f 

10 

T 

10 

50 

TABLE  III 

GENERIC  LEVELS  OF  DISPLAYED  INFORMATION 


display 

FORMAT 

POSITION 

VELOCITY 

■ 

ATTITUPC 

vertical 

.. 

HORIZONTAL 

vertical 

horizontal 

tun  I KUL 

directors 

EO-1 

Pitch  and  roll: 
horizon  bar  and 
fixed  indicts 
(lOO  Increments). 
Yaw:  tall  of 

fixed  a/c  syiabol 
with  respect  to 
approach  course. 

Altitude  error 
diamond  and 
fixed  Indices 
(50  foot 
Increments). 
Diameter  of 
landing  pad 
Increases  with 
decreasing 
altitude 
(2  cm  diameter 
at  100  feet). 

Posit/on  of 
fixed  a/c  sym- 
bol with  respect 
to  translating 
landing  pad 
and  approach 
course. 
Increasingly 
sensitive 
scaling  with 
range  (100  ft/cm 
1 n hover ) . 

Three  range 
markers  Indicate 
important  points 
of  approach. 

None 

None 

None 

( 

! 

! 

£0-2 

Saite 

Same 

i 

] 

j 

Same 

1 

Left-hand  circle 
Indicates  devia- 
tion from  coflwand- 
'ed  descent  rate. 

1 Increasingly 
;sensUlve  scaling 
jwUh  duct  ar^le 
1 a fi/sec/div  a* 

^ X - 9QO ) 

(.’S  ft/sec/div  at 
1 0t>). 

A/c  ground 
velocity  vector 
and  velocity 
jconmand  d^mond 
(20  kt/cm) 
Right-hand 
velocity  error 
circle  with 
respect  to 
fixed  index 
(tSO  ft/se»./cm' 

None 

1 

^TAB  on'y  " 

Saait 

Same  1 

Same 

^ ol  lectWe  control 
director  (VTAB)  | 

Sane 

1 

CO-3 

Same 

Same  "j 

1 

! 

Same  ' 

i 

Vta'p 

[same  as  tO-2 
wUn  no  velocity 
command  diamond. 

1 

rLonnttudinaTT^ 
llateral  and 
Icr 1 lecti ve 
jcontrol  1 

jdirectvrs  i 

|(HBAR,  VBAR,  ; 
and  VTAB  | 

1 respectively ) \ 

<mi6INAL  PAGE  B 
OK  POOR  QUAUm 


"T  -T" 


T 


T 


T 


T 


1 


1 


TABLE  IV 

APPROXIMATE  ATTITUDE  TRANSFER  FUNCTIONS  IN  FORM  K(^)[C;  oJ] 


PITCH  ATTITUDE  TO  <$^5 

ROLL  AT'^ITUDE  TO  6^5  (TURN-FOLLOW) 

AiTITUDE  COMMAND: 
0 kt: 

100  kt: 

Filter  * \ - Aircraft 
[.7;4.0]  .40(.17)(.?5) 

.85(.22.)(2.63) 

[.7;2.0]  ( 17)(.29)[.76;4.13] 
C.7;4.0]  ,40{.1)(.79) 

(.36)(2.63)t.30.2.2] 

.85[.60;2.72] 

[.7,2.0]  {,09)(.62)[.68;4.58] 

[,75;1.90][.50;3.12] 

ATT/RT  COMMAND: 
D kt: 

no  kt: 

Filter  Aircraft 

[.7;4.0]  .40(.17)(.25) 

Filter  1 All  craft 
(2)  .36(.22)(2.63) 

L.7;2.0]  (.17)(.29)[.76;4.13] 
[ 7,4.0]  .40(.1){.79) 

(0)  (.37)(2.63)[.50;2.18] 
(2)  .35[.60;2.72] 

[.7;2.0]  (.09)(.62)[.68;4.58] 

(0)  [,90.1.90][.55,3.12] 

RATE  AU(5HENT. 
0 kt: 

100  kt: 

.40(.17)(.25) 

.35(.26)(1.6) 

(.17)(3.06)[.19;.4ej 

,40f.097)(.79) 

n.7)(2.5)[.n..58] 

■35[.86;1.31] 

(.18)(-.15)[.93;2.56j 

(.22)(3.54)[.79;1.36] 

TABLE  V 

DECOUPLED  VELOCITY  CONTROL 
SYSTEM  DESIGN 


FEEDBACK 

VARIABLES 

— 

PITCH 

GAIN 

(in/unit) 

COLLECTIVE 

GAIN 

(deg/unit) 

f ft /sec) 

-0.1^5 

0.07 

(ft/ sec) 

0.19 

0.52 

(deg) 

-0.b7 

-0.236 

^ (deg/ sec) 

-0.33 

-0.037 

0,2 

-0.145 

FEEDFORWARD 

VAhlABLES 

(in) 

5.73 

— 

Scs  (<1«9) 

3.84  (X=  0) 
0.0  ( A = 90°) 

2.26 

INCREASING  CONTROL  SOPHISTICATION  ► 

STABILITY  AUGMENTATION 

automatic  altitude  and  SPEED  CONTROL 
COUPLED  GUIDANCE  AND  MULTIPLE  X 

Figure  1 TRADE-OFF  BETWEEN  DISPLAY 
AND  CONTROL  SOPHISTICATION 
(FROM  REFIRENCE  1 ) 
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(al  £0-1 


(b)  ED-2 


(c)  £0-2*  (d)  ED-3 


Figure  3 ELECTRONIC  DISPLAY  FORMATS 
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PUSH-OVER 


DESCENT  T • 7.5  d«9 
V - 100  kt 
h • 1500  fpm 
• 100  kt 


DECELERATION  ^ 

1.6  ft/sec^  • 0.05  9 


HOVER. 


100  ft 


^,,4^  LANDING 


12,000  ft  8,000  ft  800  ft  0 

Figure  5 EVALUATION  TASK 


ED3  ■! 

4.4  3,3 

2.3 

2 

2 
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• 

• 

• 

ED2+H 

8, 

3.3 

2.3 

2 

e.5» 

• 

• 

• 

ED2  ^ 

7 4.5.5 

4,5 

3,2.5 

2,2 

• • 

• 

• 

• 

ft  EDI /FD^ 
o 

EDI  ^ 

4- 


7 


PR  • 3.5 

PR  • 6.5 

• 7 


RATE  ATT/  ATT  AUTO  OVC 
RATE  A 

CONTROL  SYSTEM  


Figure  7 PILOT  RATING  DATA  (WITH 

ITVIC,  NO  CROSSWIND  EFFECT) 


♦ ♦♦♦-♦  n.MMT  MTM 
IMIiTirilD 


IMIfTIfllO  OmiVATIVf  I 


• «A» 

4fM 

M. 

• 4mu 

N. 

44M 

% 

•m 

N 

• -MV4 

41M 

• •4* 

4jm 

•41 

7,7 

3 

ED3 

• 

• 

ED2+-j 

7 

2.5 

• 

• 

E02  -| 

7.5 

EDl/FO  -| 

• 

EDI  H 

h 

T“ 

RATE 

ATT/ 

ATT 

CONT 

RATE 
■ROL  SY! 

STEM  - 

Figure  8 EFFECT  OF  CROSSWIND  ON  PILOT 
RATING  DATA  (WITH  ITVIC) 


Figure  6 IDENTIFICATION  RECORD 
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A SIMULATOR  STUDY  ON  INFORMATION  REQUIREMENTS 

FOR  PRECISION  HOVERING 

Lt.  James  L.  Lemons,  USAF 
Aeronautical  Systems  Div.,  WPAFB 

Theodor  A.  Dukes 
AMS  Dept.,  Princeton  University 


ABSTRACT 

A fixed  base  simulator  study  of  an  advanced  helicopter  instrument  dis- 
play utilizing  translational  acceleration,  velocity  and  position  information 
is  reported.  The  simulation  involved  piloting  a heavy  helicopter  using  the 
Integrated  Trajectory  Error  Display  (ITED)  in  a precision  hover  task.  The 
test  series  explored  two  basic  areas.  The  effect  on  hover  accuracy  of  add- 
ing acceleration  information  was  of  primary  concern.  Also  of  interest  was 
the  operators'  ability  to  use  degraded  information  derived  from  less  sophis- 
ticated sources.  An  example  of  such  degraded  information  is  properly 
weighted  attitude  and  angular  acceleration  instead  of  translational  accelera- 
tion. 


Ihree  conclusions  were  reached  in  the  course  of  the  study.  The  addi- 
tion of  translational  acceleration  to  a display  containing  velocity  and  posi- 
tion information  did  not  appear  to  improve  the  hover  performance  signifi- 
cantly. However,  displayed  acceieratifn  information  seemed  to  increase  the 
damping  of  the  man-machine  system.  Finally,  the  pilots  could  use  transla- 
tional information  synthesized  from  attitude  and  angular  acceleration  as 
effectively  as  perfect  acceleration. 

INTRODUCTION 

The  addition  of  a velocity  vector  to  a display  showing  position  error 
in  . .mation  significantly  improves  pilot  performance  in  VTOL  aircraft  pre- 
cision tasks  (Ref.  1).  Exploratory  tests  o.*  a display  utilizing  accelera- 
tion information,  in  addition  to  velocity  and  position  information,  elicited 
favorable  pilot  comments.  The  usefulness  of  adding  acceleration  information 
to  a display  was  therefore  studied.  In  addition  to  the  choice  of  the  dis- 
played variables  it  is  important  to  consider  realistically  the  sources  of 
the  information  to  be  displayed.  If  information  from  relatively  inexpensive 
sources  can  be  used  without  a degradation  in  pilot  performance,  savings  in 
system  cost  and  complexity  may  be  possible.  This  possibility,  the  use  of  a 
degraded  information  source,  was  explored  in  the  simulator  experiments  des- 
cribed in  this  paper.  The  degraded  translational  information  was  derived 
from  attitude  related  quantities.  The  study  involved  fixed  base  simulation 
of  a heavy  helicopter  at  hover  and  an  experimental  display.  Below,  the 
description  of  the  display  and  its  modes  is  followed  by  a discussion  of  the 

325 


T‘" 


’T 


T 


'T' 


\ 


derivation  of  the  desired  translational  quantities.  The  helicopter  control 
system  and  other  details  of  the  study  are  presented  next.  Finally,  the  re- 
sults of  the  experiments  are  shown  and  discussed.  A detailed  account  can  be 
found  in  Reference  2. 


SYMBOLS 

cyclic  control  input 

acceleration  of  gravity 
moment  derivative 

pitch  rate 

Laplace  transform  variable 

velocity  components  along  aircraft  axes 

force  derivative  (x-axis) 

perturbation 
roll  angle 
pitch  angle 


DISPLAY 


The  Integrated  Trajectory  Error  Display  (ITED)  developed  at  Princeton 
University*  was  used  as  the  experiro'.ntal  display.  The  ITED  is  an  abstract 
analog  display  which  combines  horizontal  and  vertical  flight  information  for 
presentation  on  a CRT.  A description  of  the  ITED  superimposed  nn  an  image 
display  can  be  found  in  Reference  3. 

The  display  is  divided  into  three  areas  (Figures  1 and  2).  The  central 
area  contains  information  in  the  horizontal  plane:  position,  velocity,  and 
acceleration.  The  vertical  information  band  at  the  left  of  this  area  con- 
tains the  variables  needed  for  altitude  control.  In  the  outer  bands  an  artifi- 
cial horizon  provides  pitch  and  roll  information.  The  display  was  used  in 
two  different  modes:  first,  with  available  ground  based  position  information 
and  second,  without  such  position  information. 

When  used  with  ground  referenced  position  information,  in  the  "Reference 
Mode",  the  display's  coordinate  system  is  centered  in  the  aircraft,  but  has 
an  earth  fixed  orientation  (Figure  1) . As  a result, the  crosshair  representing 

*This  work  was  supported  by  the  Avionics  Laboratory  of  USA-ECOM  at  Ft. 

Monmouth,  N.J. 

326 


I 


1 


! 


1 


r 


the  nominal  position  moves  fore,  aft,  left,  and  right  across  the  display  only 
in  response  to  position  changes.  The  helicopter  symbol  and  the  velocity  and 
acceleration  symbology  are  central  in  the  Reference  Mode.  The  location  of  a 
circle  representing  the  rotor  remains  fixed;  a straight  line  attached  to  the 
edge  of  the  circle  represents  the  tail  of  the  aircraft,  rotating  in  response 
to  yaw  changes.  The  velocity  vector  (solid  line)  originates  at  the  center 
of  the  rotor.  The  acceleration  vector  (small  circle)  has  as  its  origin  the 
end  of  the  velocity  vector  and  its  tip  is  represented  by  a small  circle.  In 
the  airborne  format,  the  display  symbology  is  superimposed  on  a video  image 
of  the  terrain.  The  simulation  of  a landing  pad  and  a horizon  line  were  add- 
ed to  the  symbology  as  a substitute  for  an  image  display. 

When  ground  based  position  information  is  not  available,  the  "Marker 
Star"  mode  of  the  display  is  used,  also  superimposed  on  a visual  image  (Fig- 
ure 2).  The  Marker  Star  represents  a stabilized  direction  in  space.  It 
moves  on  the  CRT  screen,  compensating  for  the  aircraft  body  angles  (in  the 
simulation,  the  star's  motion  did  not  include  compensation  for  roll  because, 
with  the  small  roll  angles  encountered  in  hover,  their  effect  was  minimal 
because  of  the  small  down-looking  angle).  As  a result  of  the  compensation, 
the  Marker  Star  can  be  used  as  a terrain  marker.  The  pilot  can  bias  the 
star  as  desired  to  "illuminate"  a terrain  feature  of  his  choice.  The  star 
moves  with  respect  to  the  terrain  feature  only  as  the  aircraft  translates, 
except  for  motion  along  the  stabilized  beam.  The  pilot  may  use  this  display 
mode  in  approach  by  keeping  the  terrain  feature  illuminated  while  maintaining 
a desired  rate  of  descent  or  he  may  use  it  in  hover  by  holding  altitude  and 
keeping  the  terrain  feature  illuminated.  The  acceleration  and  velocity  vec- 
tors are  displayed  in  the  same  manner  as  in  the  Reference  Mode. 

In  both  display  modes,  the  vertical  information  band  contains  a diamond 
that  moves  in  response  to  altitude  changes.  The  vertical  velocity  vector 
originates  from  the  center  of  the  diamond.  Along  the  left  margin  of  the  ver- 
tical band,  a small  ellipse  serves  as  a torque  indicator.  Two  lines  in  the 
outer  bands  serve  as  an  artificial  horizon.  From  horizontal  to  the  points 
where  the  roll  reference  lines  meet  the  vertical  field  lines  represents  ±20 
degrees  of  roll.  Pitch  angle  is  indicated  by  the  cusp  of  the  roll  reference 
triangle  on  a pitch  scale  with  two-degree  increments.  At  the  top  of  the  dis- 
play is  a turn  and  bank  indicator.  The  display  gains  for  position,  velocity, 
and  acceleration  were  chosen  based  on  previous  tests.  The  scale  factors  were: 
horizontal  position  12.5  ft/in;  horizontal  velocity  5 ft/sec/in;  acceleration 
2 ft/sec^/in;  vertical  velocity  10  ft/sec/div;  altitude  10  ft/div. 


DISPLAY  INFORMATION 

Attitude  based  information,  being  readily  available  and  simple  to  derive, 
was  chosen  as  an  example  of  a degraded  source  for  translational  infonririon. 

In  hover,  the  translational  accelerations  of  the  aircraft  result  from  the 
tilt  of  the  thrust  vector  (Figure  3).  This  tilt  has  two  components.  The 
first,  of  course,  is  associated  with  the  aircraft's  attitude.  The  ratio  of 
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the  resulting  translational  acceleration  to  the  attitude  of  the  body,  assum- 
ing small  attitude  changes,  is: 


• • 

H.  - 1 - _g_ 
e " <|)  “ 57.3 


.562 


ft/sec^ 

deg 


The  second  component  of  the  tilt  of  the  thrust  vector  is  caused  by 
control  inputs,  gust  disturbances,  and  other  factors.  This  additional  com- 
ponent of  the  thrust  vector  tilt  is  also  associated  with  the  moment  balance 
and  therefore  with  the  angular  accelerations  of  the  body.  The  ratio  of  addi- 
tional linear  acceleration  to  the  additional  component  of  thrust  tilt  can  be 
approximated  by  the  ratio  of  a given  translational  acceleration  to  the  cyclic 
pitch  causing  that  acceleration  with  the  aircraft  attitude  unchanged.  Re- 
ferring to  the  linearized  longitudinal  acceleration  equation,  neglecting  gusts, 

sAu  = X Au  - gA6  + X Aw  + Xo  AB, 
u * w ®1  ^ 

it  can  be  seen  that  one  degree  of  cyclic  input  yields  a linear  acceleration 
of  X-  /S7.3  ft/sec^.  The  same  cyclic  pitch  input  causes  a pitching  moment, 

®1 

hence  an  angular  acceleration.  Referring  to  the  linearized  pitching  moment 
equation. 


sAq  = M Au  ♦ M Aq  + M Aw  + AB,  + M„  A9 
^u  q^w  B,  1 6c 

1 c 

2 

one  degree  of  cyclic  yields  M„  deg/sec  in  angular  acceleration. 

®1 


The  rela- 


tionship between  longitudinal  translational  acceleration  and  angular  accelera- 
tion caused  by  control  inputs  is: 


T = -5^^ = 0.13 

6 ”Bj  deg/sec^ 


In  the  lateral 
neglected,  the 


case,  if  the  lateral  acceleration  caused  by  the  tail  rotor  is 
same  approximation  yields 


V 

• t 

♦ 


Ya 


57.3 


1/ 


0.014 


ft/sec^ 

deg/sec* 


The  approximate  relationships  between  translational  and  angular  accelera- 
tions are  based  on  the  assumption  that  moments  and  forces  caused  by  pertur- 
bations in  aerodynamic  variables  are  related  in  a similar  ratio  as  those 
caused  by  cyclic  control  inputs.  An  implied  assumption  is  also  that  moments 
caused  by  collective  input  changes  are  negligible. 

The  approximate  linear  accelerations  may  be  derived  from  an  attitude 
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gyro  and  *rom  angular  accelerometers.  They  may  be  integrated  to  obtain  an 
approximate  short  term  velocity  vector,  but  the  attitudes  must  be  passed 
through  high-pass  filters  in  order  to  accomodate  variable  wind  conditions 
and  slow  speed  changes  near  hover.  The  assumption  was  made  that  adequate 
averaging  time  was  available  so  that  a low  frequency  source  of  velocity  such 
as  doppler  radar  or  differentiated  position  could  be  utilized  to  obtain  long 
term  velocity.  Low-pass  filtered  perfect  velocity  was  used  to  simulate  such 
a source.  Final  adjustments  of  gains  were  made  to  achieve  a best  match  with 
perfect  velocity.  The  final  circuit  for  longitudinal  and  lateral  information 
processing  are  shown  in  Figure  3. 


SIMULATION 


The  VTOL  vehicle  simulated  was  the  Sikorsky  CH53  at  hover.  It  was  simu- 
lated using  a linearized  small  perturbation  model  with  two  alternative  con- 
trol systems.  The  ASE  control  system  used  attitude  and  rate  feedback  while 
the  HAS  system  used  attitude,  rate,  and  translational  velocity  feedback.  In 
addition,  altitude  and  heading  hold  systems  were  provided.  Gust  inputs  were 
generated  from  low-pass  white  noise  with  a comer  frequency  of  .3  rad/sec,  a 
mean  of  zero,  and  an  nas  value  of  6 ft/sec. 

The  test  subjects  were  three  US  Army  test  pilots,  two  of  them  have  had 
previous  experience  with  the  display.  There  were  no  significant  differences 
in  performance  among  the  three  subjects.  Each  pilot  performed  two  replica- 
tions of  each  test  cell.  The  set  of  test  variables  was;  two  displays  (the 
Reference  Mode  and  the  Marker  Star  mode) , two  control  systems  (ASE  and  HAS) , 
and  three  sources  of  acceleration  and  velocity  (perfect,  atritude  augmented 
with  angular  acceleration,  and  attitude  only) . 


RESULTS  AND  DISCUSSION 


The  study  sought  answers  to  two  questions.  First:  Does  the  addition  of 
explicit  acceleration  information  to  a velocity  and  position  error  display 
significantly  improve  pilot  performance?  Second;  Can  degraded  information 
sources  be  used  for  acceleration  and  velocity  display  without  degrading  the 
hover  performance? 

The  performance  measures  were  RMS  position  errors  and  RMS  attitude  rates. 
Figure  4 shows  the  longitudinal  and  the  lateral  position  errors  in  the  cells 
using  the  Reference  mode,  indicating  also  the  90%  confidence  intervals  on  the 
means.  There  are  no  statistically  significant  differences  at  the  1%  level 
among  the  cells  using  ASE  control  or  among  cells  using  the  HAS,  with  the  ex- 
ception of  cell  6,  displaying  position  errors  only.  Especially  notable  is 
the  lack  of  difference  between  the  cells  of  perfect  and  of  attitude  derived 
velocity  and  acceleration  (e.g.,  cells  7 and  16). 
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Figure  5 presents  the  longitudinal  and  the  lateral  positioning  accuracies 
using  the  Marker  Star  Mode.  The  general  differences  in  magnitude  between  the 
longitudinal  and  lateral  errors  is  caused  by  the  differences  in  the  perceived 
translational  errors.  Because  of  the  forward  and  down  looking  angle  repre- 
sented by  the  Marker  Star,  a certain  translational  error  causes  a much  lar- 
ger angular  displacement  laterally  than  longitudinally.  It  can  be  seen  that 
the  addition  of  acceleration  information  or  the  degradation  of  information 
quality  does  not  have  any  significant  effect  on  the  RMS  position  accuracy. 

Figure  6 shows  the  RMS  pitch  and  roll  rates  in  the  Reference  Mode.  Cells 
11  and  13  are  significantly  different  at  a 1%  level  of  significance.  They 
use  the  same  degraded  information  sources,  but  only  in  cell  11  is  the  acceler- 
ation vector  displayed.  The  differences  between  cells  7 and  9 show  a simi- 
lar trend,  though  only  at  a lower  significance  level.  Note  that  there  are 
no  statistically  significant  differences  in  either  axis  among  cells  11,  16, 

15,  10,  7;  they  all  display  the  acceleration  vector  but  use  different  infor- 
mation sources.  When  using  the  ASE  control,  addition  of  the  acceleration 
vector  distinctly  reduces  the  attitude  rates;  the  degradation  of  the  infor- 
mation quality  has  no  significant  effect  on  the  attitude  rates. 

In  the  simulated  HAS  control  system,  the  result  is  not  so  unambiguous. 
This  control  system  is  asymmetric  in  that  it  is  apparently  better  damped  in 
pitch  than  in  roll.  As  a result,  there  are  no  significant  differences  in 
pitch  rate  among  cells  1,  3,  5,  or  6.  (Figure  6).  In  the  lateral  case,  the 
difference  between  cell  1 and  cell  3,  while  not  statistically  significant 
at  the  1%  level,  does  indicate  a decreased  attitude  rate  with  the  addition 
of  acceleration  information. 

Figure  7 shows  the  RMS  pitch  and  roll  rates  using  the  Marker  Star  mode 
of  the  display.  Comparing  the  cells  with  and  without  acceleration  informa- 
tion from  the  same  source  (2  and  4;  12  and  14;  17  and  18)  a consistent  trend 
can  be  observed  indicating  a reduction  of  attitude  rates  with  the  accelera- 
tion added,  with  the  exception  of  the  pitch  rate  using  the  HAS  system  with 
its  tight  pitch  attitude  loop.  The  amount  of  the  reduction,  however,  is 
only  less  than  30%. 


CONCLUSIONS 


Under  the  test  conditions  described  in  the  text,  addition  of  accelera- 
tion information  does  not  significantly  inyrove  a pilot's  RMS  error  perfor- 
mance in  hover;  however,  acceleration  information  does  reduce  the  RMS  atti- 
tude rates,  but  not  by  a large  factor.  Degrading  displayed  information 
quality  (by  deriving  approximate  velocities  from  attitudes  and  position  com- 
ponents) does  not  degrade  pilot  performance  significantly  with  either  dis- 
play tested. 
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Figure  2.  Display,  Marker  Star  Mode 


LONGITUDtNAL  PROCESSING 


LATERAL  PROCESSING 


Figure  3.  Information  Processing 
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Figure  4.  Position  Errors,  Reference  Display  Mode 


Figure  6.  Attitude  Rates,  Reference  Display  Mode 
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MOTION-BASE  SIMULATOR  TESTS  OF  LOW  FREQUENCY  AIRCRAFT  MOTION 
ON  THE  PASSENGER  RIDE  ENVIRONMENT 


Hugh  P.  Bergeron  and  James  D.  Holt 
NASA-Langley  Research  Center 


A ■'arge  amplitude  motion-base  simulator,  the  NASA/Langley  Real-Time 
Dynamic  Simulator  (RDS',  was  used  to  investigate  passenger  ride  quality 
acceptance  of  low  frequency  aircraft  motion.  The  motion  simulated  had 
been  previously  measured  during  routine  airline  operations.  Passenger 
subjective  ratings  of  the  simulated  motion  were  obtained  and  compared  to 
ratings  obtained  from  actual  aircraft  flights. 

Subjects  used  in  the  simulation  consisted  of  both  naive  subjects 
(that  is,  subjects  that  had  never  previously  participated  in  any  ride 
quality  tests)  and  experienced  subjects  (subjects  that  had  been  previously 
tested  in  various  aircraft  ride  environments).  Each  subject  was  tested  at 
least  twice.  Three  of  the  experienced  subjects  were  tested  up  to  20  times. 

The  results  indicate  that: 

(1)  Simulator  motion  can  be  used  for  evaluating  low  frequency  aircraft 
motion  in  passenger  ride  quality  tests. 

(2)  The  aircraft  motion  which  produces  motion  sickness  can  be 
realistically  simulated. 

(3)  A small  number  of  experienced  subjects  can  be  used  to  represent 
larger  numbers  of  naive  subjects. 

(4)  Repeated  runs  with  experienced  subjects  show  no  apparent  rrn-to- 
rL,i  bias. 


337 


I 


! 


! 


I 


! 


) 


N75  33697 


A MODEL-BASED  ANALYSIS  OF  A DISPLAY  FOR 
HELICOPTER  LANDING  APPROACH 
Ronald  A.  Hees  and  L.  Hllllam  Wheat 


Abatract 


A control  theoretic  model  of  the  human  pilot  was  used  to  analyze  a 
baseline  electronic  cockpit  display  In  a helicopter  landing  approach  task. 
The  head-down  display  waf.  created  on  a stroke-written  cathode-ray-tube  and 
the  vehicle  was  a UH-IH  helicopter.  The  landing  approach  task  consisted  of 
maintaining  presc  Ibed  groundspeed  and  glldeslope  In  the  presence  of  random 
vertical  and  horizontal  turbulence.  The  pilot  model  was  also  used  to  gene- 
rate and  evaluate  display  quickening  laws  designed  to  Improve  pilot-vehicle 
performance.  A simple  fixed-base  simulation  provided  comparative  tracking 
data. 


Nomenclature 


u(t) 

0(t) 

h(t) 

6B<t) 

6c(t) 

Uj^(t),  U2(t) 


groundspeed  deviation  from  nominal  60  kt  approach  speed 
ft/sec 

pitch  attitude  deviation  from  trim,  rad 

deviation  from  nominal  -6<>  approach  glldeslope.  ft 

cyclic  control  stick  motion,  ft  (measured  at  pilot’s  hand) 

collective  control  stick  motion,  ft  (measured  at  pilot's 
hand) 

optimal  control  motions  before  pilot's  time  delay  and 
neuromuscular  dynamics  are  encountered,  ft 
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I,  Introduction 


Few,  if  any,  V/STOL  aircraft  have  effective  poor  weather  capability, 
particularly  as  regards  landing  in  restricted  sites.  Fundamental  to  this 
problem  is  the  fact  that  existing  cockpit  displays  are  inadequate  for  V/STOL 
approach  and  landing.  Electronic  displays  show  potential  for  improving  this 
situation.  Unfortunately,  the  full  potential  of  such  electronic  devices  has 
seldom  been  exploited  by  the  use  of  dynamic  models  of  the  pllot-display- 
vehlcle  system. 

In  this  preliminary  study,  a control  theoretic  model  of  the  human  pilot 
was  used  to  analyze  longitudinal  pilot-vehicle  performance  in  a helicopter 
landing  approach  when  an  electronic  display  was  providing  control/guidance 
information.  The  pilot  model  was  also  used  to  provide  preliminary  quickening 
laws,  and  was  then  called  upon  to  evaluate  the  effectiveness  of  these  laws 
in  the  landing  approach  task.  The  analysis  was  followed  by  a brief 
fixed-base  simulation  study  which  provided  comparative  root-mean-square 
(RMS)  tracking  data. 


II.  Control  Theoretic  Model 


The  pilot  model  utilized  in  this  study  is  nearly  Identical  to  that 
offered  by  Klelnman,  Baron  and  Levison  [ l]  . The  fundamental  hypothesis 
behind  the  control  theoretic  model  is  that,  subject  to  his  Inherent  limita- 
tions, the  well-trained,  well-motivated  pilot  behaves  in  an  optimal  manner. 

The  pilot *fc  control  characteristics  can  be  modeled  by  the  solution  of  an 
optimal  linear  control  and  estimation  problem,  with  certain  "‘nodlflcatlons”. 
These  modifications  are  svunmarized  as  follows: 

(1)  Time  Delay  A pure  time  delay  is  included  in  each  of  the  pilot's 
control  outputs. 

(2)  Neuromuscular  Dynamics  Each  output  neuromuscular  system  is 
modeled  as  a first-order  lag,  or,  equivalently,  control  rate  appears  in  the 
quadratic  indsx  of  performance. 

(3)  Observation  and  Motor  Noise  Each  variable  which  the  pilot  observes 
from  his  display  is  assumed  to  contain  pilot-induced  additive  white  noise 
which  scales  with  the  variance  of  the  observed  variable.  Each  control 
output  is  assumed  to  contain  pilot-induced  additive  white  noise  which  scales 
with  the  variance  of  the  control. 

(4)  Rate  Perception  If  a variable  is  displayed  explicitly,  the  pilot 
also  perceives  the  first  derivative  of  the  variable  but  no  higher  derivatives. 
The  first  derivative  of  the  displayed  variable  is  also  noise  contaminated. 
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(5)  Index  of  Performance  The  index  of  performance  for  the  optimization 
procedure  is  chosen  subjectively  by  the  analyst  to  mirror  what  he  believes  to 
be  the  task  and  control  objectives  as  perceived  by  the  pilot. 

The  placement  of  the  pilot  time  delay  at  the  control  output  constitutes 
the  only  major  deviation  from  the  model  of  Kleinman,  et.  al.  Here,  the 
delay  is  represented  by  a second-order  Fade'  approximation  and  is  treated  as 
part  of  the  plant  dynamics.  The  model  of  [ ll  subsumes  the  delay  into  the 
observation  process.  The  only  advantage  which  the  Fade*  approximation 
atZyjLilo  la  liial  Ik  direct  use  of  existing  computational  algorithms 

for  the  solution  of  optimal  estimation  and  control  problems. 

Figure  1 is  a block  alagram  representation  of  the  pilot-display-vehicle 
system.  Table  I lists  the  baseline  pilot  model  parameters  chosen  for  this 
analysis.  Weighting  coefficients  for  the  index  of  performance  were  selected 
on  the  basis  of  subjective  judgment  of  the  allowable  deviations  oi  the 
variables  Included  in  the  index  ( 2]  . 


III.  Vehicle  Model 


The  UH-IH  helicopter  was  the  vehicle  chosen  for  study.  This  single- 
engine,  single-rotor  utility  helicopter  weighs  approximately  8500  lbs  in 
the  flight  condition  studied  here.  The  particular  vehicle  modeled  did  not 
have  a stabilizer  bar,  a device  attached  to  the  rotor  hub  which  provides 
pitch  and  roll  damping.  In  the  configuration  studied,  the  vehicle's 
handling  qualities  were  marginal,  with  phugold  and  short-period  characteris- 
tics of  ^ ~ rad/sec;  m ■ ,85,  u ■ 1,05  rad/sec. 

Note  the  relatively  lar§e  undamped  natural^rrequency  of*' the  unstable  phugoid 
mode.  The  reason  for  choosing  an  unaugmented  vehicle  was  to  determine  the 
extent  to  which  increased  display  sophistication  alone  could  improve  pilot- 
vehicle  performance. 

The  nominal  flight  path  was  a -6°  glides lope  at  constant  60  kt 
(101.34  ft, sec)  groundspeed.  The  vehicle  was  exposed  to  random  vertical  and 
horizontal  turbulence  whose  power  spectral  densities  are  given  in  Table  2. 
Only  longitudinal  motion  was  considered, 

IV.  Display 


Figure  2 is  a representation  of  the  display  symbology  and  baseline  gains 
for  the  longitudinal  approach  task.  In  the  quickened  configuration,  the 
pitch  attitude  and  glideslope  deviation  symbols  were  quickened  in  a manner 
to  be  described.  The  nominal  eye-to-display  distance  was  2,5  ft.  The  dis- 
play itself  was  6.5  in  wide  and  7.5  in  high.  Display  symbology  f r lateral- 
directional  control  was  not  pertinent  to  the  study  -nd  was  not  generated  In 
the  simulation  to  be  described.  Due  to  the  nature  of  the  groundspeed  deviation 
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symbology,  it  was  assumed  in  the  analysis  that  groundspeed  deviation  rate  was 
not  perceived  by  the  pilot. 


V.  Model  for  Task  Interference 


Reference  [ 3]  describes  the  model  for  task  Interference  used  In  this 
study.  In  contrast  to  the  situation  In  which  the  pilot  need  only  concern 
himself  with  a single  task,  e.g.,  control  of  pitch  attitude,  task  inter- 
ference implies  the  pilot  tracking  behavior  and  performance  which  accompany 
shared  attention,  e.g.,  control  of  both  pitch  attitude  and  glideslope 
deviation.  The  model  for  task  Interference  used  here  does  not  Imply  pilot 
scanning  behavior.  The  assumptions  implicit  In  the  model  are: 

(1)  Multiple  tasks  are  performed  In  parallel,  not  In  sequence. 

(2)  The  pilot  has  a relatively  large,  fixed  number,  N,  of  "information 
processing  channels"  to  distribute  among  his  various  tasks. 

(3)  Each  of  these  channels  Is  perturbed  by  a white  Gaussian  noise 
process,  uncorrelated  with  all  other  noise  processes  and  system  variables. 

The  noise  levels  are  proportional  to  signal  variance. 

(4)  The  nolse/slgnal  ratio  for  any  display  Is  Inversely  proportional  to 
the  percentage  of  the  N channels  which  the  pilot  devotes  to  that  display. 

(5)  The  pilot  allocates  the  N channels  so  as  to  minimize  the  Index  of 
performance  defined  In  the  modeling  procedure. 

Just  as  In  [ 4)  , the  effects  of  task  Interference  were  modeled  as  an 
Increase  In  the  nominal  nolse/slgnal  ratios  given  In  Table  1,  for  each 
displayed  variable.  Thus, 


where 

■ nolse/slgnal  ratio  associated  with  the  1**^  displayed  quantity  when 
attention  Is  being  shared. 

p ■ nolse/slgnal  ratio  associated  with  "full  attention"  to  the  i^*' 
display 

f^  ■ fraction  of  attention  devoted  to  the.  control  task  as  a whole. 

f • fraction  of  attention  devoted  to  sub-task  s,  e.g.,  longitudinal 
control. 
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- fraction  of  attention  devoted  to  the  1^^  displayed  quantity  in 
sub-task  s,  e.g,,  control  of  pitch  attitude  in  the  longitudinal 
sub- task. 

Table  3 summarizes  the  range  of  values  which  the  task  interference  para- 
meters assumed  in  this  study. 


VI.  Performance  Measures 


The  primary  performance  measures  for  the  pilot-vehicle  analysis  were 
(1)  RMS  deviations  of  vehicle  motion  variables  from  the  nominal  approach 
values  (2)  pilot  RMS  control  activity,  i.e.  RMS  values  of  longitudinal 
cyclic  and  collective  control  motions  (3)  probability  of  a ^missed  approach.*' 

A missed  approach  was  defined  as  one  in  which  the  groundspeed  and  glidescope 
deviations  were  not  within  a "window"  defined,  somewhat  arbitrarily,  by 
groundspeed  excursions  of  t 1C  ft/sec  and  glideslope  excursions  of  1 10  ft 
at  any  time  in  the  landing  approach.  These  values  approximate  the  longitudi- 
nal dimensions  of  the  Category  II  window  ( 5]  . Due  to  the  stationary  statis- 
tical nature  of  the  problem  the  amplitude  distributions  of  the  vehicle  motion 
variables  are  invariant  along  the  approach  path.  Hence,  the  introduction  of 
the  minimum  decision  altitude,  normally  associated  with  the  Category  II 
window,  is  somewhat  artificial  in  this  analysis. 

Since  the  variables  in  the  pilot-vehicle  analysis  are  assumed  to  possess 
zero-mean  Gaussian  amplitude  distributions,  the  probability  of  the  groundspeed 
and  glideslope  deviations  being  outside  the  window  at  any  instant  of  time  is 
simply 


10  10 

r f 


p * 


1.0  - 


p(u,h)  du  dh 


-10  -10 


where  p(u,h)  is  the  bivariate  Gaussian  probability  d^risity  function  for  the 
^groundspeed  and  glideslope  deviations.  p(u,h)  is  uniquely  determined  once 
tne  variances  of  u and  h and  the  covariance  of  u and  h are  known. 

In  addition,  the  analysis  produced  pilot  "transfer  functions"  which  were 
utilized  in  deriving  the  quickening  laws.  The  ten  transfer  functions  related 
the  cyclic  and  collective  pilot  outputs  to  the  five  vehicle  motion  variables 
which  constituted  the  displayed  and  perceived  quantities. 


VII.  Results  - Analysis 

Figure  3 shows  the  results  of  the  allocation  of  attention  study  using 
the  model  for  task  interference.  For  the  two  display  configurations  studied, 
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loughly  a 50-50  allocation  of  attention  between  attitude  and  altitude  display 
elements  was  found  to  be  optimum. 

Figure  4 indicates  the  probability  of  a missed  approach,  as  a function 
of  f , for  the  two  display  configurations.  The  marginal  vehicle  handling 
qualities  make  their  presence  known  in  the  relatively  large  probability  of 
a missed  approach  for  full  attention  to  the  control  task  with  the  baseline 
display* 

Figure  5 represents  the  jw-Bode  diagrams  for  three  of  the  ten  pilot 
transfer  functions.  For  purposes  of  clarity,  the  Bode  diagrams  were  drawn 
without  the  pure  time  delay  and  neuromuscular  dynamics.  The  transfer  func- 
tions relate  the  optimal  control  motions  u^(t)  and  U2(t)  (see  Figure  1)  to 
the  five  vehicle  motion  quantities  which  constitute  the  displayed  and  per- 
ceived variables.  A comparison  of  the  Bode  diagrams  for  all  the  transfer 
functions  reveals  that  all  but  two  can  be  approximated^by  pure  gains  for 
uj  < 10  rad/sec.  Figure  5 shows  the  Uj^/G,  ^2^^  u^/h  transfer  functions, 
the  latter  of  which  is  typical  of  the  two  functions  not  amenable  to  pure 
gain  approximation.  Note  that,  in  the  case  of  u^/0  and  U2/h,  the  magnitude 
curves  remain  reasonably  flat  for  uj  < 10  rad/sec  while  the  phase  curves  re- 
main near  0®  and  -180®,  respectively,  in  the  same  frequency  range.  Had  the 
time  delay  and  neuromuscular  dynamics  been  included  in  the  diagram,  these 
simplifying  approximations  may  not  have  been  discovered. 

The  gain  approximations  allow  one  to  quickly  ascertain  the  extent  to 
which  the  motion  variables  0,  0 and  u effect  the  cyclic  control  and  the  ex- 
tent to  \;hich  h,  h and  0 effect  the  collective  control.  Figure  6 was 
obtained  by  multiplying  the  predicted  mean  square  values  of  the  pertinent 
motion  variables  by  the  square  of  the  respective  transfer  function  gain 
approximations  and  then  normalizing  with  respect  to  the  largest  product  for 
each  control,  Thus,  the  bars  in  Figure  6 can  be  thought  of  as  representing 
the  approximate  relative  power  each  control  due  to  each  of  the  motion 
variables  shown.  The  remaining  variables  (h  and  h in  the  cyclic,  u and  G in 
the  collective)  can  be  shown  to  make  smaller  respective  power  contributions 
than  u in  the  cyclic  and  0 in  the  collective. 

VIII  Quickening  Laws 


Figure  6 implies  that  the  cyclic  control  motion  Is^dominated  by  0 and  0 
and  that  the  collective  control  motion  Is  dominated  by  h and  h.  This  suggests 
that  driving  the  pitch  and  glideslope  deviation  display  elements  by  a weighted 
sum  of  pitch  deviation  and  deviation  rate,  and  glideslope  deviation  and  de- 
viation rate  could  result  in  improved  pilot-vehicle  perrormance.  Driving 
the  display  elements  in  such  a manner  is  referred  to  as  quickening.  Note 
that,  in  the  baseline  configuration,  the  pilot  must  perceive  the  time  deri- 
vatives of  pitch  and  glideslope  deviations  from  the  display  element  motion 
and  use  the  perceived  rates  along  with  the  display  element  displacement  to 
create  control  motion.  In  the  proposed  quickened  display,  the  weighted 
summing  of  perceived  rate  and  displayed  displacement  would  be  obviated. 
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In  the  quickened  display,  the  pitch  attitude  and  glideslope  deviations 
symbols  were  driven  according  to  the  laws 


0’  « 0 + K*  0 
6 

h’  + h + lO  h 


where  0*  and  h'  represent  the  quickened  pitch  altitude  and  glideslope  devia- 
tions, respectively.  K«  and  were  obtained  from  the  relative  magnitudes 

of  the  pure  gain  approximations  for  the  u^/0,  u^/0  and  the  U2/h,  u^/h  trans- 
fer functions  respectively.  The  quickening  results  indicated  in  Table  4 and 
Figures  3 and  4 were  obtained  by  implementing  the  control  theoretic  pilot 
model  with  the  quickened  display. 


DC.  Conclusions  - Analysis 


As  Table  4 indicates,  the  RMS  performance  Improvements  obtained  with 
the  quickening  are  moder.t.  Figure  4 shows  significant  but  not  overwhelming 
improvement  in  terms  of  the  probability  of  a successful  approach.  These 
results  are  aralytic  predictions  of  the  limited  success  one  will  have  in 
trying  to  improve  pilot-vehicle  performance  by  display  sophistication  alone. 
In  order  to  achieve  better  performance,  say  in  terms  of  the  probability  of  a 
successful  approach,  another  avenue  must  be  explored,  i.e.  artificial 
stability  augmentation.  The  stabilizer  bar  on  the  standard  UH-1  helicopter, 
of  course,  serves  just  this  purpose. 


X.  Simulation 


A simple  fixed-base  pllot-in-the-loop  simulation  of  the  longitudinal 
task  was  conducted  on  the  Naval  Postgraduate  School’s  hybrid  computer. 

The  vehicle  dynamics  were  simulated  on  the  analog  computer,  the  displays 
were  generated  on  a stroke-written  cathode-ray-tube  graphics  terminal 
with  the  digital  computer  driving  the  display  elements. 

Two  subjects,  one  a UH-1  pilot,  another  a non-pilot,  were  used  to  gene- 
rate a complete  set  of  RMS  performance  measures.  The  turbulence  was 
simulated  by  sums  of  sinusoids.  The  amplitudes  and  frequencies  of  the 
sinusoids  were  chosen  to  match  the  frequency  distribution  of  power  in  the 
appropriate  spectra  of  Table  5. 

After  considerable  informal  training,  each  subject  received  a formal 
training  session  in  which  he  used  the  baseline  and  quickened  displays  for  90 
sec  runs  apiece.  In  the  formal  data  sessions,  each  subject  used  each  display 
for  ten  90  sec  runs.  The  data  sessions  went  as  follows: 
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The  baseline  was  flown  for  seven  runs»  followed  by  the  quickened  for  seven. 
Then  the  quickened  was  flown  for  three  runs  followed  by  the  baseline  for 
three.  Five  of  the  "best”  runs  for  each  display  were  then  selected  as  follows: 
For  the  ten  data  runs  for  each  display,  mean  scores  were  computed  for  each  of 
the  RMS  performance  measures  (u,  0,  0,  h,  6 , 6 ).  Then,  each  RMS  score  for 
each  display  and  run  was  normalized  by  dividing  it  by  the  respective  mean  RMS 
score.  The  normalized  RMS  scores  were  then  summed  to  provide  a single  scalar 
index  of  performance  for  each  display  and  run.  The  data  in  Table  5 represents 
the  means  and  standard  deviations  of  the  RMS  scores  for  the  runs  with  the 
five  lowest  Indices  of  performance  for  each  display.  Also  shown  In  the  table 
are  the  sinusoids  which  simulated  the  atmospheric  turbulence. 

Figures  7 and  8 graphically  portray  the  performance  data  of  Table  5 for 
subjects  1 (pilot)  and  2 (non-pilot).  Also  Indicated  are  the  model  predic- 
tions which  best  correlate  with  the  data.  These  predictions  are  from  the 
f^  " .25  data  In  Table  4. 

XI.  Results  and  Conclusions  - Simulation 


As  the  averaged  pe.  ^ormance  data  of  Figures  7 and  8 Indicates,  l'uc  dlr- 
play  quickening  resulted  In  lower  mean  RMS  scores  for  each  motion  and  control 
variable  for  both  subjects.  The  necessity  of  using  the  model  data  for  the 
largest  noise/signal  ratio  is  probably  due  to  the  low  RMS  performance  pre- 
dictions which  the  model  generated  In  the  absence  of  Indifference  thresholds 
on  the  displayed  or  perceived  variables. 


XII.  Conclusions  - General 


Based  upon  the  analysis  and  simulation  Just  described,  the  following 
conclusions  can  be  drawn: 

(1)  The  quickening  laws  analytically  obtained  by  the  control 
theoretic  pilot  model  yield  significant  improvements  In  RMS  performance  for 
the  vehicle  and  task  studied  here. 

(2)  Even  an  approximate  determination  of  the  relative  amount  of  power 
In  each  control  output  which  Is  associated  with  each  displayed  or  perceived 
vehicle  motion  variable  appears  to  be  a very  useful  step  in  the  pilot-vehicle 
analysis.  In  this  study,  the  comparison  pointed  out 

(a)  the  desirability  of  display  quickening 

(b)  the  vehicle's  marginal  handling  qualities  by  predicting  the 
extent  to  which  perceived  pitch  rate  and  glideslope  rate  deviations  would  be 
employed  In  controlling  the  vehicle. 
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(3)  For  Che  vehicle  and  task  studied  here.  Increased  display  sophisti- 
cation should  give  way  to  Improved  stability  augmentation.  Although  the 
performance  Increments  obtained  were  significant,  performance  Is  probably 
still  deficient,  particularly  as  regards  the  probaolllty  of  a missed 
approach. 


(4)  Analysis  using  the  control  theoretic  pilot  model  and  simple  fixed- 
base  simulation  are  complementary  tools  In  Che  evaluation-design  process. 
Vfhlle  quite  accrate  a-prlorl  modeling  has  been  accomplished  ( 6]  , the  avail- 
ability of  simulation  data  Is  invaluable,  particularly  In  Iterative  n 'Ine- 
ment  of  the  pilot  model. 
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Table  3 

Task  Interference  Pararaetor  Ranges 


p 

.01 

observation  noisc/signal  ratio  for  full  attention 

1.0  -»•  0.25 

fraction  of  attention  to  entire  control  task 

fraction  of  attention  to  longitudinal  sub-task 

0.25  ■*>  0.75 

fraction  of  attention  to  attltude-groundspeed 
display  of  longitudinal  sub-task't' 

^2 

1 

0.75  -*■  0.25 

fraction  of  attention  to  glideslope  display  of 
longitudinal  sub-task 

f 

Since  groundspeed  symbology  is  effectively  integrated  with  the  air- 
craft sjTnbol  in  the  display,  no  attention  sharing  is  assumed  between 
pitch  attinwie  and  grottndaneed. 
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Table  4 


Model  Perforroance  Predictions 


Baseline  Display 

QuicVened  Display 

1.0 

0.5 

0.25 

1.0 

0.5 

0.25 

0 

U 

(ft/sec) 

.881 

1.50 

2.69 

.666 

1.23 

2.45 

0 

w 

(ft/sec) 

2.94 

3.7j 

5.11 

2.24 

3.02 

4.39 

(rad/sec) 

.0109 

.0147 

.0204 

.00829 

.0118 

.0178 

% 

(rad) 

.0104 

.0158 

.0259 

.00795 

.0128 

.0231 

(ft) 

1.81 

j 

2.55 

4.01 

1.34  * 

1 

2.01 

3.36 

1 

(ft) 

.0276 

.0300 

.0335 

.0256  - 

.0277 

.0311 

(ft) 

.0513 

.0569 

.0675 

.0460 

.0511 

.0611 
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Table  5 


Simulation  Performance  Data 


Baseline 

Quickened 

Turbulence 

Subj. 

1 

2 

1 

2 

u 

5 

5.58^^ 

2.60 

3.91 

1.86 

g 

V 

> - I 

A^  aino'^t 

(£ c/sec) 

1.55^^ 

.627 

.653 

.713 

«J 

;•! 

.0505 

.0269 

.0169 

.0121 

u 

w 

L 

(rad/sec) 

.00482 

.00291 

.00159 

.00134 

\ " 

4.472 

- 4.472 

Aj  • 

3.536 

A,  - 3.536 

^0 

.0471 

.0292 

.0182 

.0197 

A-  - 

2.236 

A,  - 2.236 

(rad) 

.00462 

.00403 

.00614 

.00389 

A , - 

2.738 

A,  - 2.738 

9.31 

5.51 

6.88 

4.79 

^ " 

2.236 

Aj  2.236 

(ft) 

1.04 

.423 

.949 

.902 

“i  " 
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Figure  1 Block  Diagram  for  Pilot-Display-Vehicle  System 
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Figure  2 Display  Symbology 
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f . FRACTION  OF  ATTENTION  ON 
ATTITUDE  DISPLAY 


Figure  3 Allocation  of  Attention  Results 
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CONTROL  TASK 


Figure  4 Probability  of  Missed  Approach 
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Figure  5 Representative  Pilot  Transfer  Functions 


Figure  6 Vehicle  Motion  Variable  - Pilot  Control  Motion  Relationship 
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Figure  7 Performance  Data,  Subiect  1 
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Figure  8 Fertormance  Data,  Subject  2 
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SIMULATION  OF  MAN-MACHINE  INTERACTION 

ON  SHUTTLE  PAYLOAD  MANIPULATOR 

By  R.  0.  Hookway  and  R.  S.  Jackson 

Martin  Marietta  Corporation 
Denver,  Colorado 


SUMMARY 


The  main  objective  of  this  simulation  was  i. o evaluate  the  feasibility  of 
a simplified  control  system  for  a remote  manipulator  for  Space  Shuttle  payloads* 
The  motion  commanded  by  the  operator  through  the  control  system  to  the  six- 
degree-of-f reedcm  manipulator  approximates  that  of  a backhoe.  Compatibility 
of  low  arm  damping,  heavy  payloads,  small  clearances  in  the  shuttle  cargo  bay 
and  stringent  mission  timelines  were  evaluated.  The  effects  of  various  devices 
to  enhance  visual  cues  were  evaluated. 

The  simulation  was  flown  both  by  test  pilots  and  by  non-pilot  personnel. 
Phase  I of  the  simulation  was  capture  of  a payload  flying  free  in  space  rela- 
tive to  the  Shuttle;  Phase  II  was  simulation  of  cargo  stowage  into  a mockup 
of  the  Space  Shuttle  cargo  bay,  A Shuttle  remote  manipulator  control  station 
mockup  including  TV  monitors  and  hand  controllers  is  used  in  the  simulation. 
Results  evaluating  various  parameters  of  the  control  system  and  the  task,  in- 
cluding arm  flexibility,  are  presented. 


INTRODUCTION 


Teleoperators  of  varying  degrees  of  complexity  are  expected  to  aid  future 
exploration  and  activities  in  space  (reference  1) . Of  immediate  interest  is 
the  Shuttle-Attached  Manipulator  System  (SAMS) . Figure  1 shows  one  concept 
of  the  SAMS.  References  2 and  3 discuss  other  SAMS  concepts.  Major  subsys- 
tems of  the  SAMS  are;(l)  a mechanical  arm  articulated  at  the  shoulder,  elbow, 
and  wrist;  (2)  an  end  effector  and  TV  camera  on  the  wrist;  (3)  an  arm  con- 
trol computer;  (4)  a TV  viewing  system  from  which  visual  cues  are  obtained 
for  remote  arm  operation;  and  (5)  control  input  devices  such  as  hand  control- 
lers. 


References  2 through  5 present  detail  =^.d  tradeoff  studies  on  each  of  these 
major  subsystems,  which  can  be  configured  in  various  ways.  If  an  articulated 
arm  is  used,  the  optimum  configuration  might  be  considered  to  consist  of  a 
7 DOF  arm  (see  reference  2,  page  90)  with  digital  computer-aided  control.  The 
control  philosophy  for  this  case  would  consist  of  control  laws  that  Include 
such  features  ps  (1)  a zero  cross-coupling  Joint  command  distribution  law; 

(2)  joint  rate  saturation  avoidance;  (3)  payload,  arm,  and  shuttle  collision 
avoidance;  (4)  command  resolution  along  trfj  appropriate  TV  coordinate  viewing 
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(6)  force  beedback  calculations  for  the  master  arm  or  hand  controllers;  (7) 
compensation  for  arm  structural  bending;  and  (8)  mode  selection  and  coordin- 
ate system  indexing  of  command  signals.  The  distribution  law  for  this  type 
of  control  is  derived  by  applying  the  method  of  Lagrange  multinllers  to  the 
problem  of  minimizing  a performance  index  while  satisfying  the  conditions 
for  zero  cross-coupling.  A typical  performance  index  is  the  sum  of  an  optimi- 
zation criterion  (e.g.,  the  sum  of  the  squares  of  the  joint  rates,  weighted 
singularity  avoidance,  joint  stop  avoidance,  and  collision  avoidance 
functions).  Reference  6 describes  the  mathematics  of  a similar  joint  command 
distribution  law, 

A preliminary  computer  timing  and  sizing  estimate  was  done  for  the 
digital  system  described  above.  Memory  requirements  were  found  to  be  11,611 
words  and  thruput  was  estimated  at  43,650  operations  per  second. 

The  digitally  controlled  7 DOF  SAM  offers  many  oovious  operational  ad- 
vantages, but  it  is  at  the  high  end  of  the  manipulator  speccrum  in  terms  of 
both  performance  and  cost.  Driven  by  cost  requirements,  Mirtin  Marietta  has 
performed  detailed  design  studies  on  an  austere  SAM  system  consisting  of  one 
6 DOF  arm,  control  laws  simple  enough  to  implemented  with  analog  elec- 
tronics, and  using  simple  hand  controllers.  The  simplified  arm  control  laws 
are  illustrated  in  Figure  2. 

Control  commands  are  rate  commands  proport.  >nal  to  hand  controller  dis- 
placement. These  commands  are  generated  from  two  hand  controllers,  one  for 
end  effector  translational  velocity  and  one  for  end  effector  rotation  rate. 

Tlie  output  of  the  translation  hand  controller  feeds  into  the  control  law 
which  is  designed  so  that  a baeVhoe-type  motion  of  the  wrist  results.  (The 
simplified  sv- tern  operates  in  spnerical  coordinates  and  the  digitally  con- 
trolled arm  operates  in  Cartesian  coordinates.)  Displacement  of  the  rotation 
hand  controller  causes  corresponding  rotation  rates  of  the  wrist  pitch,  roll, 
and  yaw  joints. 

The  backhoe  motion  makes  it  convenient  to  electrically  slave  the 
shoulder  pitch,  elbow  pitch,  and  wrist  pitch  joint  commands,  thus  greatly 
simplifying  the  control  lawo  The  backhoe  motion  can  also  be  viewed  as  a 
simulated  telescopic  motion  because  a translation  command  in  the  ’’X” 
direction  th  wrist  to  extend  or  retract  along  a straight  line  between 

che  shoulder  and  wrist.  The  control  system  diagram  (Figure  2)  shows  imple- 
mentation of  the  control  law.  Switch  H holds  the  pointing  direction  of  the 
end  effector  constant  as  shoulder  yaw  and  wrist  elevation  (gamma)  change. 

This  mode,  called  the  Hawk  Mode,  is  used  during  the  payload  retrieval  task. 

The  simplified  nature  of  this  SAM  system  raised  some  questions  about  Its 
utility.  Could  the  operator  cope  with  the  backhoe  type  motion  in  general; 
more  specifically,  could  the  operator  tolerate  the  mismatch  between  TV 
viewing  coordinates  and  command  coordinates  that  exists  in  varying  degrees 
during  the  payload  capture  task?  A man- in-t he- loop  simulation,  as  described 
in  the  next  section,  was  used  to  evaluate  these  questions. 
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SIMULATION  DESCRIPTION 


The  man- in- the- loop  simulations  were  performed  in  our  Space  Operations 
Simulator,  a montage  of  which  is  shown  In  Figure  3.  Tne  operator’s  control 
station  is  shown  at  the  upper  left.  Although  considerable  window  area  is 
shown,  the  operator’s  only  view  of  the  payload  and  cargo  bay  area  is  through 
closed  circuit  TV,  The  view  from  a camera  mounted  near  the  arm  shoulder  was 
presented  on  the  CRT  on  the  left  of  the  console,  and  the  view  from  a camera 
mounted  on  the  wrist  was  presented  on  the  CRT  to  the  right  of  the  other  CRT, 
These  two  CRTs  are  more  clearly  shown  in  the  closeup  of  the  control  console. 

Also  shown  in  the  closeup  are  the  translation  and  rotation  hand  control- 
lers at  the  left  and  right  sides  of  the  control  panels.  To  the  right  and 
slightly  above  the  rotation  controller  is  the  pan  and  tilt  switch  which  was 
used  to  make  occasional  adjustments  to  the  shoulder  camera  line  of  sight* 
Directly  above  the  CRTs  is  a digital  voltmeter  on  which  was  displayed  the 
difference  between  and 

The  wiist  end  of  the  simulated  arm  can  be  seen  in  the  upper  right  inset 
of  Figure  3,  The  yoke,  which  simulates  the  wrist,  is  attached  to  a carriage 
which  is  computer-driven  to  translate  in  three  degrees  of  freedom.  Thus, 
the  carriage  motion  simiilates  the  backhoe  type  extension/retract  ion  of  the 
arm.  In  addition  to  the  rigid  body  motion  of  the  arm,  the  computer  which 
drove  the  arm  was  programmed  to  simulate  arm  structural  dynamics  by  placing 
bending  dynamics  quadratics  of  the  form 

2 2 2 
OUT/IN  - U /(s  >■  2^(j  s + (j  ) 

n n n 

in  series  in  the  simulation  as  shown  in  Figures  4 and  5,  Consider  that  a 

hand  controller  command  might  be  given  that  would  cause  the  payload  eg 

position  to  change  one  foot  in  X.  For  the  rigid  arm,  this  response  would 

appear  as  shown  in  Figure  6a^  for  the  flexible  arm  the  response  would  appear 

as  shown  in  Figure  6b,  The  frequencies  involvs^'d  are  well  within  \he 

operator’s  bandwidth,  although  some  are  i- ^ lOw  that  the  operator  must  learn 

wait  for  one  command  to  be  absorbed  before  making  another  conmand,  Ann 

structural  dynamic^  are  for  an  ami  with  an  equivaK  it  stiffness  of  2,65  Ib/ln, 

In  tne  simulation,  the  payload  center  of  gravity  is  offset  longitudinally 

from  the  payload/end  effector  attachment  point.  Thus,  a payload  roll 

oscillation  is  generated  due  to  Y commands.  The  above  structural  dynamics 

Hi* 

are  greatly  simplified  over  the  actual  case.  Actually,  for  each  hand 
controlloi  displacement  there  are  six  degrees  of  freedom  of  payload  eg 
motion  (three  translation  and  three  rotation)  and  there  are  six  predominate 
structural  nodes.  Thus,  in  reality  there  are  6^»216  oscillatory  motions 
that  would  make  up  a complete  simulation. 

We  also  performed  a large  scale,  unmanned  d<‘4ital  simulation  of  the 
Shuttle  Orbiter  with  an  attached  65,000  lb  payload  to  verify  that  the  res- 
ponse shown  in  Figure  6b  is  typical.  The  digital  program  simulated  the 
complete  nonlinear  large  angle  dynamics  of  a cluster  of  n hinged  bodies 
based  on  Hooker-Mar gu lies  equations. 


The  model  payload  bay  and  the  payload  are  also  shovm  in  Figure  3.  A 
large  shuttle  payload  was  simulated  representing  a 50-foot  long  payload 
having  a diameter  of  15  feet.  In  the  real  world,  the  clearance  on  each  side 
of  the  cargo  as  it  is  lowered  into  the  payload  bay  is  only  four  inches  (0.8 
inches  in  the  simulation  worldl). 


The  backhoe  control  laws  shown  in  Figure  2 were  programmed  in  the  simu- 
lation using  the  gains  shown  in  Table  1. 


Symbol 

TABLE  1 SAMS 
Definition 

CONTROL  SYSTEM  GAINS 

AbAolute 

Values 

V 

I 

Azimuth  Rate  Comnand 
Gain 

0,082  (1.43) 

rad/sec/m/ sec 
(deg/sec/ft/sec) 

Elevation  Rate  Command 
Gain 

0.082  (1.43) 

rad/sec/m/sec 
(deg/ sec/ft/ sec) 

Extension  Rate  Command 
Gain 

0.082  (1.43) 

rad/ sec/m/ sec 
(deg/sec/ft/sec) 

*^4 

Wrist  Pitch  Rate 
Command  Gain 

0.57 

No  units  (no  units) 

Wrist  Yaw  Rate 
Conmand  Gain 

0.785 

No  units  (no  units) 

"6 

Wrist  Roll  Rate 
Coomand  Gain 

1.0 

No  units  (no  units) 

The  simulation  of  payload  retrieval  was  conducted  in  two  phases.  Phase 
I simulated  capture  of  the  free-flying  payload.  Phase  II  simulated  stowing 
the  captured  payload  in  the  '.argo  bay  of  the  Orbiter. 

Phase  I simulated  the  payload  approurhlng  the  Orbiter  from  the  front 
with  a ’•elative  velocity  of  0.2S  ft/sec.  The  SAMS  operator  test  subjects 
were  Instructed  to  do  the  basic  task  of  inserting  the  end  effector  into  the 
payload  receptacle.  This  task  was  done  by  watching  the  TV  monitors — showing 
views  from  the  wrist  and  shoulder  TV  cimeras.  Hand  controllers  were  used  to 
guide  the  end  effector  to  payload  capture. 

Based  on  the  coordinate  system  of  Figure  2,  the  initial  pos'tion  of  the 
payload  attachment  point  lelatlve  to  the  shoulder  was  X ••  9,0  ft,  Y • 31.4  ft, 
and  Z - -18,0  ft.  The  initial  position  of  the  end  effector  was  X • 0.0  ft, 

Y ■ -27.3  ft,  and  Z « -21.0  ft.  Initial  arm  angles  were  <l>  « -90  deg, 

$ ■ +90  deg,  e„  ■ -106  deg,  fi  - -11.6  deg,  ^ ■ 40  deg,  and  i • 4o  deg. 

u w w w 

That  is,  the  payload  was  approaching  on  a trajectory  parallel  to  the  Orbiter 
X-axis  and  nine  feet  outboard  and  ten  feet  above  the  end  of  the  manipulator. 
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Overall  Orbiter  mission  timelines  required  that  capture  of  the  payload 
be  completed  in  170  seconds.  To  aid  the  operator  in  pacing  the  task,  warning 
lights  wer  uilt  into  the  console.  A yellow  light  came  on  at  110  seconds, 
followed  by  a red  light  at  170  seconds. 

Phase  II  was  divided  into  two  functional  parts.  The  first  part,  Phase 
IIA,  consisted  of  translating  the  payload  from  a position  above  the  payload 
bay  to  partial  insertion  into  the  bay.  The  second  part.  Phase  IIB,  was  trans- 
lation through  the  remaining  2 or  3 feet  down  into  the  bay  to  final  pin 
seating.  When  these  simulations  were  performeo,  the  location  of  the  pin 
seats  and  the  design  of  the  pins  were  still  very  preliminary.  Therefore,  it 
was  assumed  that  there  would  be  two  Such  seats  located  on  the  centerline  of 
the  floor  of  the  caigo  bay.  It  waj  also  assumed  that  the  payload  wou..d  be 
equipped  with  a pair  of  tapered  pins.  The  initial  conditions  made  the  pay- 
load  appear  to  be  pitched  down  and  yawed  right  roughly  45  degrees  relative 
to  the  cargo  bay. 

One  TV  camera  was  the  for^vard  payload  bay  camera  and  the  c‘her  camera 
pointed  along  the  cargo  bay  floor  at  the  seats  and  pins.  The  wrist  t-amera 
was  not  used  in  Phase  II  since  its  view  this  mode  is  completely  obscured 
by  the  payload. 

To  improve  depth  perception,  a canted  mirror  was  added  to  show  the 
relative  force  and  aft  displacement  of  the  pxn  relative  co  the  hole.  In 
addition,  two  sets  of  flexible  whiskers  were  Installed,  A short  set  was 
installed  forward  of  the  aft  se^it  and  a set  of  taller  whiskers  was  installed 
aft  of  the  aft  seat  as  shown  in  Figu'e  7.  Thus,  if  the  pin  obscured  the 
whiskers,  the  payload  was  toe  far  forward;  as  the  pin  passed  through  the 
whiskers  they  deflected  and  clearly  indicated  the  direction  in  which  the  pay- 
load  mur  :'ved , 


SIMULATION  RESULTS 


Phase  I - Pf.yload  Retrieval  Three  test  op.rators  were  used  in  this 
phase  of  the  evaluation  of  the  feasibilit_y  of  the  control  laws.  Operator  1 
was  the  engineer  who  conceived  the  control  laws;  operators  2 and  3 had  no 
previous  exposure  to  the  control  law  concepts.  Each  operator  was  given 
identical  30-rainute  training  and  familiarization  periods.  It  was  anticipaced 
that  two  factors,  (1)  relative  velocity  between  payload  aid  orbiter,  and  (2> 
the  arm  structural  dynamics,  would  strongly  affect  the  results.  Therefore, 
each  operator  made  runs  with  the  following  config  itions: 


Subtask 

Re  Native  Velocity 

Arm  Structural 

Designation 

Feet  per  Second 

Dynamics 

A 

0 

rigid 

B 

0 

per  Figure  5 

C 

0.^5 

rigid 
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Sub task 
Designation 


Relative  Velocity  Arm  Structural 

Feet  per  Second  Dynamics 


D 

E 


0.25 


rigid,  without  Hawk 


0,25  per  Figure  5 

0.125  rigid 


A run  was  graded  as  a success  if  the  end  effector  was  inserted  in  the  payload 
in  the  allowable  time  withou . bumping  the  payload  on  the  way  in.  A run  was 
graded  as  a failure  when  the  payload  was  bumped  by  the  end  effector  before 
iw  was  Inserted  or  when  170  seconds  had  passed  without  insertion. 

Phase  I results  are  given  in  Tables  2,  3,  and  4.  For  the  rigid  arm,  the 
effect  of  relative  velocity  can  be  evaluated  by  comparing  runs  A,  C,  and  E. 
For  the  flexible  arm,  the  effect  of  relative  velocity  can  be  evaluated  by 
comparing  runs  B and  D.  For  two  values  of  relative  velocity,  the  effect  of 
unloaded  arm  structural  dynamics  can  be  evaluated  by  comparing  runs  A and 
B with  each  other  and  by  comparing  runs  C and  D with  each  other.  The  most 
positive  result  oi  this  phase  of  the  feasibility  simulation  is  that  the 
capture  task  was  easily  learned  and  readily  performed  in  much  less  than  the 
allowable  time.  The  allowable  time  was  170  seconds  whereas  the  overall 
average  (all  operators,  all  test  conditions)  required  time  was  only  93.8 
seconds. 

It  was  found  that  two  other  factors  (other  than  the  170  second  opera* 
tlonal  limit)  made  It  desirable  to  do  the  capture  task  rapdlly.  First,  If 
the  capture  task  was  not  completed  In  a reasonable  amount  of  time,  the  axes 
of  the  wrist  TV  system  become  misaligned  with  the  hand  controller  axes  as 
shown  in  Figure  8*  Once  the  TV  axes  become  too  misaligned  (more  than  about 
45  degrees)  with  respect  to  the  hand  controller  axes,  the  task  was  lost  to 
the  test  operators*  To  help  circumvent  this  difficulty,  the  Hawk  Mode  was 
implemented  via  switch  H in  Figure  2.  This  mode  of  operation  proved  to  be 
very  helpful,  but  only  limited  test  data  were  taken  with  it. 

The  second  factor  affecting  time  is  the  necessity  to  allow  some  braking 
distance.  That  is,  if  the  capture  task  was  not  completed  before  the  arm 
became  nearly  fully  extended,  little  or  no  braking  distance  remained. 

Phase  II  - Payload  Stowage  - The  data  of  Tables  5,  6,  and  7 showed  the 
extreme  difficulty  of  successfully  stowing  the  large  payload  without 
exceeding  the  mission  time  constraint  of  five  minutes*  For  the  ligid  arm, 
the  average  stowage  time  for  the  three  test  operators  was  6.83  minutes. 

When  the  erm  flexible  modes  were  added  to  the  simulation,  the  average 
stowage  tima  was  increased  to  9.42  minutes.  These  are  total  times  for  both 
phase  IIA  and  IIB. 

Furthermore,  Tables  5,  6 and  7 made  it  apparent  that,  unless  the  wrist 
yaw  axis  was  parallel  to  the  payload  bay  yaw  axis,  the  payload  could  not  be 
stowed  without  many  collisions  with  the  orbiter  structure*  Therefore,  a 
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black  stripe  was  painted  on  the  payload  to  indicate  the  wrist  yaw  angle. 

This  visual  cue  was  very  effective  and  was  used  throughout  the  ensuring  data- 
taking  runs.  The  experimental  data  implies  that  with  adequate  timing  and 
with  greatly  increased  arm  structural  damping,  Phase  IIA  could  be  completed 
within  five  minutes;  but  because  of  the  arm  structural  dynamics  and  because 
of  the  small  structural  clearances,  additional  time  is  required  for  final  pin 
seating.  With  the  rigid  arm,  the  complete  task  can  be  done  in  five  minutes 
or  less. 

The  relationship  between  task  time  and  arm  damping  and  frequency  is 
plotted  in  Figure  9.  The  frequency  multiplication  factor,  K,  multiplied  all 
of  the  structural  frequencies.  Figure  9 shows  that  the  structural  frequency 
needs  to  be  increased  by  roughly  a factor  of  4 to  meet  a five-minute  task 
time  constraint.  The  structural  frequencies  are  proportional  to /Ic , 

CJQf/^and  /l6k,  so  a four-fold  increase  in  frequency  requires  that  the 

n n 

arm  stiffness  be  increased  16  times.  An  arm  stiffness  of  approximately 

(2,65  ~ ) (16)  = 42,4  Ib/in*  is  difficult  to  r.?alize  within  practical 
in« 

structural  design. 

On  the  basis  of  these  preliminary  tests,  it  seems  that  several  steps 
must  be  taken  to  successfully  carry  out  stowage  of  the  largest  Orbiter  pay- 
loads#  The  arm  stiffness  and  damping  must  be  increased  as  much  as  possible 
over  the  values  used  in  these  simulations.  Since  there  is  a practical  upper 
limit  to  damping  and  stiffness,  the  design  of  the  cargo  bay  stowage  system 
should  include  energy  absorbing  devices  which  allow  bumping  between  tne 
cargo  and  the  stowage  system.  Furthermore,  the  cargo  stowage  system  should 
be  designed  to  assist  in  drawing  the  cargo  down  to  the  final  seated  position, 

CONCLUSIONS 

Capture  Task 

1,  The  backhoe  control  laws  of  SAMS  are  easily  mastered  (both  for  the 
capture  task  and  the  stowage  task), 

2,  The  Hawk  Mode,  greatly  aided  capturing  a free-flying  payload  within 
the  time  constraints  of  the  mission  timeline. 

Stowage  Task 

1,  Added  visual  cues  from  a stripe  painted  on  the  end  of  the  payload  made 
it  possible  for  operator  to  minimize  collisions  between  the  payload  and 
the  Orbiter  cargo  bay, 

2,  Shock  absorbers  are  desirable  to  minimize  effect  of  payload-orbiter 
collision  during  final  stages  of  the  stowage  task, 

3,  Depth  perception  aids;  e,g«,  whiskers  and  mirrors,  are  desirable. 
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4,  Cooperative  pin  receptacles  which  assist  in  drawing  payload  down  to 
final  seated  position  are  desirable. 

3.  For  the  length  of  arm  used  in  this  study,  successful  stowage  of  the 
largest  payload  requires  a much  stiffer  arm  than  it  may  be  practical 
to  obtain. 


REFERENCES 


1.  Deutsch,  S.,  and  Heer,  E.:  "Manipulator  Systems  Extend  Man's 

Capabilities  in  Space."  Astronautics  and  Aeronautics,  Volume  10, 

No.  6,  June,  1972. 

2.  Smith,  G.  W.,  and  DeRocher,  W.  L. : "Shuttle  Payload  Accommodation 

System  Teleoperator."  Remotely  Manned  Systemr,  (Exploration  and  Operation 
in  Space),  Proceedings  of  the  First  National  Conference,  Page  85ff, 
California  Institute  of  Technology,  1973. 

3.  Brodie,  S.  B,,  and  Johnson,  C.  H. ; "Preliminary  Design  and  Simulation 
of  a Shuttle-Attached  Manipulator  System."  Remotely  Manned  Systems 
(Explortition  and  Operation  in  Space),  Proceedings  of  the  First 
National  Conference,  Page  lOSff,  California  Institute  of  Technology, 
1973. 

4.  "Configuration  end  Design  Study  of  Manipulator  Systems  Applicable  to 
the  Free-Flying  Teleoperator."  Final  Report,  MCR-74-171,  July,  1974. 
NAS8-30266.  Martin  Marietta  Corporation,  Denver  Division,  Denver, 
Colorado  80201. 

5.  "Preliminary  Design  of  a Shuttle  Docking  and  Cargo  Handling  System," 

Final  Report,  MSC  05218,  December,  1971.  NAS9-11932.  Martin  Marietta 

Corporation,  P.  0.  Box  179,  Denver,  Colorado  80201. 

6.  Whitney,  D.  E.:  "The  Mathematics  of  Coordinated  Control  of  Prosthetic 

Arms  and  Manipulators."  Transactions  of  the  ASME,  Journal  of  Dynamic 
Systems,  Measurement,  and  Control,  Volume  94,  Series  G,  No.  4, 

December,  1972. 


363 


364 


Figure  I Shuttle  Attached  Manipulator  System  (SAMS) 
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J-FLYING  PAYLOAD  CAPTURE  TASK  - OPERATOR  1 
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dynamics 
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No  arm 

structural 

dynamics 
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'101  71 

'102  71 

•102  85 

'102  80 
'104  77 


'102  80 
' 95  81 

■100  80 
•110  79 
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-101  80 


9. 
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'100  - 6.6 

-101  - 8.4 

-102  - 2.4 

- 99  - 8.4 
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-102 


21 

1:08 

- 88 

85 

-106 

+ 0.6 

22 

0:59 

- 85 
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23 
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S Operator  said 
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TABLE  3 FREE-FLYING  PAYLOAD  CAPTURE  TASK  - OPERATOR  2 


Run 

Description 


No  relative 
velocity. 

No  arm 

structural 

dynamics 


R 
U 
N 

S I Sec 


Arm  Condition  at  Capture 


Feet 


No  relative 
velocity. 

Unloaded  arm 
B structural 
dynamics 


Relative 

velocity. 

Unloaded  arm 
D structural 
dynamics. 


Relative 
velocity  re- 
duced by  k. 

No  arm 
structural 
dynamics . 


Relative 

11 

3:00 

-135 

70 

- 86 

-30.0 

velocity. 

12 

1:05 

- 99 

82 

-100 

- 6.0 

No  arm 

13 

2:34 

-130 

62 

- 76 

-27.3 

structural 

14 

1:17 

-105 

80 

- 98 

- 9.0 

dynamics. 

15 

0:45 

-90 

82 

-100 

- 0.6 

AV 

1:44 

-112 

75 

- 92 

-14.6 

2:06  -110  78 


13  - 90  81  -100  0 

35  - 91  80  -100  - 3.0 

02  - 86  81  - 99  0.6 

18  -101  80  - 99  - 8.7 

55  - 82  82  -100  3.0 

- 90  I 81  -100 


*S  ■ Success;  **F  ■ Failure 
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TABLE  4 FREE -FLYING  PAYLOAD  CAPTURE  TASK  - OPERATOR  3 


Run 

Description 

R 

U 

N 

S 

Time 

Req. 

Min: 

Sec 

Arm  Condition  at  Capture 

S* 

or 

F** 

1 

Degrees 

Feet 

COMMENTS 

’/'s 

e 

s 

X 

Y 

Z 

A 

No  relative 
velocity. 

No  arm 
St rue tural 
dynamics. 

IC 

-9(.' 

90 

-1J6 

0 

-27.3 

-21.0 

- 

Got  too 
close  to 
target.  No 
depth  per- 
ception. 

_/ 

1 

2 

3 

4 

5 
AV 

0:50 

0:38 

0:43 

0:39 

0:50 

0:44 

-7 

i 

— 

2 

i 

b 

i 

G 

L 

_ c 

i 

)9 

k 

9 

i 

.0 

k 

-31 

i 

.5 

-1( 

i 

J.O 

S 

S 

s 

s 

F-a- 

B 
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structural 
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0:57 
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0:34 

0:36 

0:45 

-1 

f 

2 

8 

r 

0 

} 

» ( 

)9 

9 

.0 
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.5 

-11 

3.0 

s 

s 

s 

s 

s 

No 
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C 

Relative 

velocity. 

No  arm 
structural 
dynamics . 

11 

12 

13 

14 

15 
AV 

0:59 

0:53 

0:44 

0:4P 

0:36 

0:48 

-95 

-92 

-90 

-90 

-86 

-91 

81 

81 

81 

82 

84 

82 

-100 

-100 

-100 

-100 

-100 

-100 

- 4.8 

- 3.0 

- 0.9 

- 3.0 

0.3 

- 2.3 

i 

s 

F 

s 

c 

s 

No 

comments. 

CA 

Sv*'Qe  as  Cf 
but  without 
Hawk  mode. 

1 

0:50 

0:34 

0:39 

0:50 

0:49 

0:44 

-90 

-89 

-90 

-91 

-91 

-90 

82 

82 

84 

83 

82 

83 

- 3.0 

0.3 

0.0 

- 3.0 

- 3.0 

- 1.7 

■"1 

F 

s 

s > 

s / 

Sl< 

2^  Misalign 

0°  o " 

^.45  " 

1.2°  " 
'1.5®  " 

/ 

Relative 

velocity. 

Unloaded 
arm  struc* 
tural  dyna- 
mics. 

I 

0:38 
0:38 
0 51 
0:34 
0:34 
0:39 

-90 

-90 

-92 

-85 

-85 

•88 

81 

32 

80 

81 

82 

81 

-100 

-100 

-100 

-100 

-100 

-100 

- 0.3 

- 0.3 

- 3.0 
0.6 
0.6 

- 0.5 

-31 

.5 

\ 

-1 

r 

8.0 

S 

S 

S 

S 

S 

L 

No 

comments . 

*S  ■ Success;  **F  • Failure 
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It 


•^^BLE  5 

CARGO  STOWAGE  TASK  - 
OPERATOR  1,  NO  ADDED  VISUAL  AID 


RUN 

DESCRIPTION 

R 

U 

N 

S 

ARM 

STRUCT. 

DAMPING 

RATIO 

TIME 

MIN: 

SEC. 

COMMENTS 

6:40 

Operacor  ised  forward  bay  camera  for  depth  cues 
(X),  in  runs  1 through  4.  Bumped  1 side,  3 
back  probe,  2 front  probe. 

2 

4:20 

Bumped  2 on  side,  4 back  probe,  4 front  probe. 
Touched  left  side  and  stayed  there  for  a long 
time. 

Rigid 

Arm 

3 

4:42 

Bumped  3 on  left  side,  1 front  probe. 

- 

4:04 

Bumped  1 left  side,  1 right  side,  1 front  probe, 
1 back  probe.  Touched  right  side  and  stayed 
along  it  for  approximately  20  seconds. 

5 

- 

4:43 

Cargo  bay  pin  camera  is  being  used  for  depth  cues 
aloT  ,,  bay  X.  Bumped  5 back  probe,  1 left  side, 

3 front  probe. 

6 

.3 

12:51 

Bumped  a number  of  times.  Hit  hard  and  had  to 
hald  simulation. 

Loaded  Arm 
Structural 
Dyr  umics 

.7 

8:00 

Phase  IIA  time  S minutes.  Bumped  2 rear  probe, 
1 left  front. 

8 

.7 

8:26 

Phase  IIA  time  4 minutes.  Bumped  4 rear  probe, 
2 front  probe,  3 right  front.  Seemed  to  lose 
partial  control  after  he  was  almost  in.  Hit 
hard  once  on  right  front. 
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TABLE  6 


CARGO  STOWAGE  TASK  - 
OPERATOR  2,  NO  ADDED  VISUAL  AIDS 


RUN 

DESCRIPTION 

R 

U 

N 

S 

ABM 

STRUCT. 

DAMPING 

RATIO 

TIME 

MIN: 

SEC 

COMMENTS 

Rigid 

Arm 

1 

- 

5:30 

Phase  IIA  time  - 3:15.  No  bumps,  very  good 
run. 

2 

13:00 

Phase  IIA  time  3:30.  Bumped  6 back  probe, 

6 right  side,  2 left  side,  3 front  probe* 

Got  very  confused  due  to  lack  of  depth  percep- 
tion. 

3 

.3 

10:25 

Bumped  5 left  side. 

Loaded  Arm 
Structural 
Dynamics 

1 

.3 

10:35 

Bumped  4 left,  1 back  probe. 

5 

.7 

9:38 

Phase  IIA  time  8:00.  Bumped  4 left. 

6 

.7 

8:37 

Phase  IIA  time  6:30.  Bumped  4 left. 
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TABLE  7 

CARGO  STOWAGE  TASK  - 
OPERATOR  3,  NO  ADDED  VISUAL  AIDS 


RUN 

DESCRIPTION 

R 

U 

N 

S 

ARM 

STRUCT. 

DAMPING 

RATIO 

TIME 

MIN: 

SEC 

1 

COMMENTS 

Rigid 

Arm 

1 

- 

8:00 

Bumped  1 right,  1 back  probe. 

2 

4:43 

Phase  IIA  time  - 3:00.  Touched  rear  of  cargo 
bay. 

Loaded  Arm 
Structural 
Dynamics 

3 

.3 

10:51 

Phase  IIA  time  - 7:00.  Bumped  1 rear 
probe,  2 left,  6 right. 

1 

.3 

8 14 

Phase  IIA  time  - 7:00.  Bumped  2 left,  3 right, 
touched  rear  of  bay  with  probe. 

5 

.7 

8:15 

Pha^e  IIA  time  - 6:15.  Bumped  3 left,  2 right, 
touched  rear  of  bay  with  probe. 

6 

.7 

7:25 

Phase  IIA  time  - 5:00.  Bumped  2 left, 
1 back  probe,  1 front  probe. 
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Unique  Wide  Field  of  View 
Visual  Simulation 
John  Niemela 

U.S.  Army  Avionics  Laboratory 
Fort  Monmouth,  New  Jersey 


SUMMARY 


Visual  simulations  are  required  to  pupport  investigations  of  the  man- 
machine  aspects  of  helicopter  nap-of-the-earth  flight.  The  visual  simulation 
requirements  are  discussed  vis-a— via  available  technology.  A wide  field  of 
view  of  the  world  outside  the  cockpit  is  necessary  to  provide  adequate 
visual  cues  to  the  pilot.  A iciique  design  is  described  employing  three  TV 
monitors,  collimating  lenses,  and  electronics  to  selectively  display  a wide 
field  of  view  without  the  use  of  a costly  wide  angle  optical  probe. 


INTRODUCTION 


Systems  which  will  enable  a helicopter  to  be  effectively  operated  in 
nap-of-the-earth  (NOE)  flight  are  of  current  interest  to  the  Army.  NOE 
flight  is  helicopter  operation  as  close  to  the  earth's  surface  as  vegetation, 
obstacles,  and  terrain  will  safely  allow.  During  this  type  of  flight  the 
rotor  tip-path  plane  is  usually  below  treetop  level  as  portrayed  in  Figure  1. 


V * 

Figure  1.  Helicopter  Nap-of-the-Earth  Flight. 
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Mean  alcicudes  ir  these  missions  are  typically  between  5 and  15  meters, 
depending  on  teriain.  It  is  anticipated  that  battlefield  vulnerability  will 
necessitate  extensive  NOE  flight  in  future  combat  operations. 

Effective  NOE  operation  requires  that  the  aircrew,  particularly  the 
navigator,  be  geographically  oriented  at  all  times  in  the  course  of  a mission. 
To  improve  man-machine  navigation  system  performance  in  both  day  and  night 
operations,  several  navigation  display  concepts  have  been  considered. 

The  elements  of  the  man-machine  navigation  system  are  shown  in  Figure  2. 


OESIRa)  FLIGHT  PATH 


Figure  2.  Man-Machine  Navigation  System. 

The  navigator  compares  the  desired  nominal  flight  path  as  indicated  on  a 
hand  held  map  or  navigation  display  with  the  actual  course  as  Indicated  on 
the  navigation  display.  These  flight  paths  are  compared  with  the  observed 
out-the-helicopter-windshield  scene  and  corrective  conmands  are  introduced 
to  the  system. 

The  element  that  is  of  current  interest  for  NOE  flight  is  the  navigation 
display.  Several  general  categories  have  been  considered  Including  the 
direct  view  map  display,  the  projected  map  display,  and  several  types  of 
electronic  map  displays.  A simulation  of  the  navigation  aspects  of  NOE 
flight  was  configured  to  investigate  the  suitability  of  thes.  devices  in  a 
controlled  environment. 


SIMULATION  REQUIREMENTS 

The  first  general  requirement  for  this  simulation  is  for  a wide  field  of 
view.  Pilots  with  extensive  experience  in  NOE  flight  state  that  the 
navigator  detects  and  recognizes  natural  and  man-made  features  by  continually 
scanning  left  and  right  as  the  helicopter  proceeds  on  a NOE  flight.  The 
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navigator  utilizes  a field  of  view  of  nearly  180^  though  only  a limited 
portion  at  one  time.  It  is  apparent,  therefore,  that  a field  of  view  close 
to  180°  is  required  for  this  simulation. 

The  second  requirement  is  for  a large  and  unrestricted  geographical  area 
of  coverage.  To  measure  the  performance  of  the  man-machine  navigation  system, 
the  simulation  must  afford  the  opportunity  for  the  navigator  to  become 
geographically  disoriented  or  **lost**.  The  simulation  must,  therefore, 
represent  a reasonably  large  geographical  area  and  be  essentially  unrestricted 
in  movement  over  this  area. 

The  final  general  requirement  for  this  particular  simulation  is  that  it 
be  compatible  with  night  vision  goggles.  One  of  the  more  difficult  NOE 
missions  is  ^^.ght  operations.  During  these  flights  it  is  expected  that  the 
navigator  will  operate  with  night  vision  goggles.  The  visual  simulation 
must  be,  therefore,  compatible  with  night  vision  goggles. 


CANDIDATE  APPROACHES 


Several  general  categories  of  visual  simulation  exist  including  film, 
computer  generated,  and  scale  model  techniques.  Several  previous  navigation 
simulations  have  employed  motion  pictures  to  simulate  the  outside  of  the 
cockpit  visual  world.  The  flight  path  Is,  of  course,  severely  constrained 
by  this  approach.  Another  film  technique  involves  the  use  of  a variable 
anamorphic  lens.  Though  this  technique  allows  some  freedom,  the  flight  path 
is  not  unrestricted. 

Current  computer  generated  visual  simulations  have  been  successful  for 
terminal  area  applications.  These  simulations  are  geographically  small  and 
geometrically  regular.  However,  the  NOE  navigation  simulation  requires  that 
a relatively  large  geographical  are  of  very  irregular  geometry  Including 
hills,  streams,  and  ponds,  be  portrayed. 

A third  category  of  visual  simulations  is  the  scale  model.  One  type  of 
scale  model  employs  a point  light  source  which  projects  through  a translucent 
model  onto  a screen.  Point  light  source  visual  systems  are  effective  for 
flat  terrain  but  are  not  useful  in  simulating  rough  terrain.  Since  terrain 
contour  Is  an  important  navigation  cue  in  NOE  flight,  the  point  light  source 
technique  cannot  be  used. 

The  terrain  model  with  servo-driven  optical  probe,  orthicon  tube,  and  TV 
monitor  with  collimating  lens  is  the  remaining  alternative.  The  current 
simulation  employed  these  conventional  elements  in  an  unconventional  manner 
as  shown  in  Figure  3.  In  this  system,  a wide  field  of  view  visual  simulation 
is  achieved  without  the  expense  of  a wide  angle  optical  probe.* 


*The  system  concept  for  this  simulation  was  suggested  by  W.J.  Kenneally 

of  the  U.S.  Army  Electronics  Command. 
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Figure  3.  Visual  Simulation  Configuratic’*. 


SIMULATION  description 


Examining  the  system  simulated  and  referring  to  the  block  diagram  of  the 
man-machine  navigation  system  in  Figure  2,  a wide  field  of  view  simulation 
provides  the  outside  the  cockpit  visual  cues.  The  map  display  is  driven  by 
the  optical  probe's  servo  follow-up  on  the  terrain  belt  through  the 
simulated  navigation  system.  The  navigator  compares  the  outside  of  the 
windshield  scene  with  the  navigation  display  to  generate  corrective  commands. 
These  commands  are  entered  through  an  audio  link  to  the  pilot  who  controls 
the  helicopter,  or  directly  if  the  navigator  also  performs  the  pilotage 
functions.  These  conoands  reach  the  optical  probe  servo  through  the  model 
of  the  aircraft  dynamics. 

The  visual  simulation  can  be  understood  by  proceeding  step  by  step 
upstream  from  the  navigator's  eye.  The  outside  world  is  viewed  through 
three  Farrand  "pancake"  windows  which  provide  a collimated  image  of  three 
TV  monitors  positioned  behind  the  lenses.  The  monitors  display  that  portion 
of  the  terrain  belt  corresponding  to  the  helicopter's  heading  biased  by  the 
navigator's  head  orientation  with  respect  to  the  helicopter.  This  is 
accomplished  by  the  "Frame  Division  Circuit"  which  displays  the  optical 
probe's  50°  by  AO®  image  on  the  TV  monitor  or  portion  of  each  monitor  faced 
by  the  navigator.  A head  tracker  mounted  on  the  navigator's  helmet  drives 
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the  frame  division  circuit.  A modei  of  the  optK\ii  pr^be’^  o'imulii  si*rv< 
drive  dynamics  is  inserted  between  the  head  irat'ker  and  fraije  division 
circuit  to  prevent  the  orientation  ol  tiie  scene  dis'-^la>n*d  i ror:  Ifodinc  i\\*‘ 
scene  viewed  by  the  optical  probe. 

The  result  of  this  simulation  is  that  as  the  iniviv.;atar  s^.iins  a.,  ross  the 
180^^  field  of  view,  a 50*^  scene  corresponding;  to  his  bead  orientation  is 
continously  moved  across  the  three  lens -monitor  systems.  Hu*  physical 
layout  of  the  lenses  is  shown  in  Figure  4.  The  app<irenL  c ! .ms  t f' ’pn.>b  i 


Lavout  i'll  Co  1 1 i m.it  i n»!  l.enses. 


effect  of  having  the  lenses  in  proximity  to  the  subject  is  eliminated  by  the 
collimated  image.  The  TV  images  were  adjusted  in  size  and  position  such 
that  they  slightly  overlapped  from  adjacent  TV-lens  systems.  The  only 
obstructions  were  the  lens  frames.  It  is  difficult  to  appreciate  the 
effect  of  the  selective  wide  field  of  view  simulation  without  a demonstration. 
This  configuration,  though  by  no  means  the  final  word  in  visual  simulations, 
is  the  first  d'^.veloped  to  meet  helicopter  NOE  navigation  requirements. 
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SUMMARY 


A maneuver  complex  and  related  performance  measures  used  to  evaluate 
driver/ vehicle  system  responses  as  effected  by  variations  in  the  directional 
response  characteristics  of  passenger  cars  are  described.  The  complex  con- 
sists of  normal  and  emergency  maneuvers  (including  random  and  discrete  distur- 
bances) which,  taken  as  a whole,  represent  all  classes  of  steering  functions 
and  all  modes  of  driver  response  behavior.  Measures  of  driver /vehicle  system 
response  and  performance  in  regulation  tasks  included  direct  describing  func- 
tion measurements  and  rms  yaw  velocity.  In  transient  maneuvers,  measures  such 
as  steering  activity  and  cone  strikes  were  used. 


INTRODUCTION 


This  paper  presents  an  introduction  to  a major  two-year  research  program 
(Ref.  l)  conducted  for  the  National  Highway  Traffic  Safety  Administration  to 
evaluate  closed-loop  driver /vehicle  response  relationships  and  to  identify 
optimum  vehicle  directional  dynamic  characteristics  in  normal  and  emergency 
driving  situations.  We  will  describe  here  the  vehicle  dynamic  variables,  the 
test  procedures  utilized,  and  the  performance  measures  found  to  be  sensitive  to 
the  changes  in  vehicle  directional  mode  (i.e.,  steering)  dynamics.  Companion 
papers  deal  with  more  specific  results  and  comparisons. 

The  primary  objectives  of  the  program  wei'e  to  identif:/-  optimam  driver/ 
vehicle  systems  and  the  sensitivity  of  these  optima  with  respect  to  vehicle 
parameter  changesj  to  identify  significant  maneuvers  which  exhibit  sensitivity 
to  changes  in  the  vehicle  dynamic  variablesj  to  '•orrelate  subjective  driver 
opinion  ratings  and  objective  performance  rneasuresj  and  to  establish  an  archi- 
val data  base  so  that  other  researchers  might  be  able  to  further  analyze  the 
data  for  these  or  other  purposes.  Besides  these  major  purposes  there  were  peri- 
pheral objectives,  such  as  the  assessment  of  effects  due  t-^'  .long-term  driving 
■biration,  and  comparison  of  the  results  obtained  with  production  vehicles,  '-■t': . 
To  accomplish  these  objectives  a threc-pronged  approach  of  analysis,  simula- 
tion, and  full-scale  field  tests  was  adopted.  The  analysis  applied  man utiachinc 
system  thoor:/’  to  guide  the  experiments  and  to  interpret,  rationalize,  and 
generalize  the  experimental  findings.  The  fixed-base  simu.lation  served  as  a 
pilot-experimental  prelude  to  the  field  tests  and  also  permitted  the  coverage 
of  a broader  spectrum,  of  vehicle  dynamics  than  could  be  accommodated  fall  scale. 
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The  full-sc&le  field  tests  expanded  on  and  further  verified  the  hj'potheses 
developed  analytically  and  on  the  simulator  about  the  nature  of  driver /vehicle 
system  interactions.  The  full-scale  tests  were  divided  into  an  exploratory 
and  a validaLion  series.  These  were,  respectively,  an  exanination  of  many 
configurations  with  one  driver  and  an  examination  of  a few  configurations  with 
many  drivers. 


VEHICLE  DYNAMICS 

The  dynamic  properties  of  interest  in  this  program  were  restricted  to 
steering  control  of  the  directional  motions  at  constant  speed.  For  these  con- 
ditions the  rolling  and  yawing  motions  of  an  automobile  in  response  to  steer 
angle  and  side  load  aerodynamic  disturbances  may  be  represented  in  matrix  form 
by: 


The  meaning  of  the  symbols,  the  axis  system  used,  and  the  complete  derivation 
of  these  equations  is  given  in  Ref.  2.  The  eigenvalues  of  the  matrix  of  Eq.  1 
ordinarily  consist  of  a very  lightly  damped  quadratic  pair  which  represents 
primarily  rolling  motions,  and  a pair  of  roots,  which  may  or  may  not  be  coupled 
into  a quadratic,  primarily  associated  with  heading  and  lateral  path  changes. 
Reference  ?.  shows  that  the  roll  quadratic  pair  is  almost  always  nearly  can- 
celled by  similar  numerator  quadratics  in  the  transfer  functions  which  relate 
side  velocity  and  yawing  velocity  to  steer  inputs.-  In  other  words,  the  dyna- 
mic roll  mode  is  only  very  slightly  excited  in  steering  maneuvers  in  ordinary 
cars,  although  a certain  amount  of  steady-state  roll  v/ill  be  present  in  turn- 
ing maneuvers.  This  implies  a dynamic  decoupling  of  roll  from  the  other 
lateral-directional  degrees  of  freedom.  If  it  is  assumed  that  the  yawing  and 
side  velocity  modes  are  uncoupled  from  the  rolling  mode  or,  alternatively,  that 
the  rolling  degree  of  freedom  is  suppressed  or  negligible,  then  Eq.  t reduces 
to  a two-degree-of- freedom  set  shown  by  Eq.  2: 
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When  the  stability  derivative  values  in  this  equation  arc  adjusted  to  a two 
degree-of-freedom  context,  i.e.,  considered  as  effective  values,  then  the 
directional  dynamics  are  reasonably  well  approxima  .■■■'d  by  the  Eq.  2 relation- 
ships. They  are  excellent  for  the  primary  situati>.c  investigated  in  the 
present  program,  not  only  for  the  reasons  cited  above  but  also  because  the 
roll  degree  of  freedom  was  mechanically  suppressed  to  the  extent  possible  prac- 
tically. This  was  in  accordance  with  the  project  objective  to  study  the  vehicle 
dynamic  behavior  for  essentially  non-rolling  directional  control. 

An  elemental  directional  response  variable  of  primary  interest  in  driver ' 
vehicle  system  control  is  the  yawing  velocity,  r.  A convenient  way  to  describe 
the  yawing  velocity  response  to  nominal  steering  inputs  is  via  f system  trans- 
fer function,  r/&sw*  This  can  be  obtained  by  manipulation  of  Eq.  2, 


G,%^(s  -f  1/Tr) 
s^  + 2(  ^u))  ^ s + oj2 


GsNSwd/Tr) 

where 

Gg  = Steering  system  gain 

= Yawing  acceleration  steering  coefficient 

Tp  = Lead  time  constant  of  yaw  velocity  response  to 
steer  input;  yaw  time  constant  for  short 

d = Damping  ratio  of  directional  mode 

Q).  = Undamped  natural  frequency  of  directional  mode 

s = Laplace  operator 


The  frequency  and  damping  ratio  of  the  denominator  roots  can  be  plotted  on 
the  complex  plane  in  polar  coordinates  (p,  ■*)  where  p = a.,  and  = cos~*  !*  j or 
in  rectangular  coordinates  (x,  y)  where  x = i a*^<i  y “ “'i  x'' l - . Figure  1 

is  an  example  of  the  complex  plane  representation  of  four  different  yaw  velo- 
city to  steering  wheel  transfer  functions.  For  vehicles  which  do  not  depart 
too  far  from  a neutral  steering  condition  the  directional  damping  Cp‘|  is  just 
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DAMPING 


Figure  1 . Complex  Plane  Representation  of  Vehicle  Configurations 


slightly  less  than  the  inverse  yaw  time  constant,  1/Tj..  Normalized  yawing 
velocity  time  responses  to  a step  wheel  input  have  been  computed  for  these  con- 
ditions and  are  shown  alongside  the  respective  transfer  function  poles  (X)* 
Notice  that  the  higher  frequency  configurations  respond  more  rapidly,  and  the 
amount  of  overshoot  depends  on  both  the  damping  ratio  and  the  value  of  the 
numerator  yaw  time  constant  Tr»  Lower  frequency  configurations  rise  more 
slowly  and  may  be  thought  of  as  having  a compressed  time  scale.  A third 
dimension,  not  shown  in  Mg.  i,  is  the  magnitude  of  the  response;  this  is 
scaled  by  the  steering  system  gain.  These  four  variables  of  the  directional 
response,  i.e.,  yaw  time  constant  (Tj.),  steering  ratio  (l/Gg),  directional 
damping  ratio  (f^),  and  directional  frequency  ) were  the  vehicle  variables 
of  the  test  program. 

The  directional  dynamics  tested  are  summarized  in  Table  1 . In  all  cases 
the  vehicle  itself  was  a 197^  Chevrolet  Nova  hatchback,  with  the  dynamics 
adjusted  by  a variety  of  mechanical  and  servoraechanical  means. 
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SUMMARY  OF  VEHICLE  DIRECTIONAL  DYNAMIC  CHARACTERISTICS  AT  ‘..0  MPH 


CONDITIONS  TESTED 

VEHICLE  DYNAMICS 

GAINS 

EXPLORA- 

TORY 

SERIES 

VALIDA- 

TION 

SERIES 

INVERSE 
YAW  TIME 
CONSTANT 

1/Tf 

DAMPING 

RATIO 

^1 

NATURAL 

FREQUENCY 

a-i 

STEADY- 
STATE  STEER 
ANGLE  GAIN 

r/^wlss 

STEERING 

RATIO 

1 /Gs 

y 

2.25 

0.85 

2.6 

5.5 

19,  15,  10 

y 

2.25 

1 .0 

2.25 

8.1 

25,  19,  15 

y 

y 

3.0 

0.62 

5.9 

5.0 

19,  If,  12, 
9 

y 

3.0 

0.71 

3.4 

4.0 

25,  19,  55, 
10 

y 

y 

5.0 

0.75 

5.5 

4.5 

25,  19,  17, 

15,  10 

y 

3.25 

0.80 

5.7 

3.2 

23,  19,  13, 
10 

1 

j 

J4.O 

0.97 

4.1 

7.4 

23,  19,  13 

y 

y 

4.0 

0.77 

4.5 

4.7 

23,  19,  14, 
12 

y 

y 

5.0 

0.57 

5.8 

2.6 

19,  17,  13, 
11 

y 

5.0 

0.81 

5.4 

5.0 

50,  19,  13, 
10 

y 

5.0 

0.91 

5-2 

7.4 

23,  19,  13 

MANEUVER  COMPLEX 


In  setting  up  the  maneuver  complex  and  driving  scenario  to  be  used  in  the 
test  series,  three  criteria  were  paramount.  These  were: 

• Representative  maneuvers . The  maneuver  complex  should  con- 
tain f^ufficient  elements  to  ^jrovide  a representative  cross 
section  of  steering  functions  and  maneuvers.  The  total  should 
be  inclusive  of  fair  weather,  sub-linit  performance  steering 
operations. 
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• Driver  behavior.  The  maneuver  complex  should  contain  tasks 
which  evoke  all  modes  of  driver  control.  These  are  to 
include: 

— Compensatory  — regulation  and  command  following. 

— Dual~mode  (pursuit  or  precognitive  combined  wiuh 
compensatory  behavior)  — course  segments  with 
sufficient  preview  to  permit  pursuit  behavior  and 
course  segments  with  a distinct  starting  point  which 
can  be  accomplished  at  a hi^  level  of  skill . 

• Tie-in  maneuvers.  Some  maneuvers  in  the  sequence  should 
permit  tie-ins  with  steering  tests  used  by  other  investi- 
gators . 

A final  criterion  was  that  the  maneuver  complex  be  such  that  it  could  be  set 
up  within  the  physical  confines  of  the  test  area. 

Table  2 lists  the  initial  series  of  test  maneuvers  for  the  nominal  driving 
scenario  used  in  the  test  program.  Listed  alongside  each  maneuver  is  the  asso* 
ciated  steering  function  and  the  most  likely  driver  control  mode  evoked. 


TABLE  2.  NORMAL  DRIVING  MANEUVER  COMPLEX 


— 

NAME  OF  MANEUVER 

STEERING  FUNCTION 

DRIVER 
CONTROL  MODE 

NOMINAL 

SPEED 

Precision  Lane  Tracking 

Precision  course  control 

Compensatory 

50 

Highway  Lane  Regulation 

Routine  lane  following 

Compensatory 

50 

Random  Disturbance 
Regulation 

Steady- state  regulation 
(external  input) 

Compensatory 

50 

Step  Disturbance 
Regulation 

Transient  regulation 
(external  input) 

Compensatory 

50 

Double  Lane  Change 

Normal  command  change 

Dual  Mode 
( Precognitive ) 

50  and 
50 

Emergency  Lane  Change 

Evasive  command  change 

Dual  Mode 
(Precognitive) 

50 

Unexpected  Obstacle 

Unexpected  command  change 

Dual  Mode 
(Precognitive) 

50 

A second  set  of  maneuvers  was  used  to  represent  a high  workload  level  and 
to  exacerbate  differences  in  driver  skill  levels.  These  maneuvers  included  a 
high-speed  {'^0+  mph)  slalom  and  high-speed  (l4ti-60  mph)  double  lane  change  such 
as  used  by  driving  schools,  manufacturers,  and  the  automotive  press.  A low- 
speed  (50  mph)  random  slalom  was  also  included  and  is  a variation  of  the 
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conventional  lov;-speed  slalom  used  by  other  researchers.  The  random  slalom 
consisted  of  randomly  spaced  pylons  at  60,  li^O,  180,  and  PUO  ft  intervals. 

V/hen  run  at  a constant  speed  this  maneuver  exercised  the  vehicle's  directional 
response  capability  at  various  lateral  g levels. 

Four  of  the  maneuvers  shown  in  Table  2 were  particularly  sensitive  to  the 
changes  in  vehicle  dynamics  varied  in  the  test  program  or  to  driver  behavioral 
differences.  These  four  maneuvers  were  highway  lane  regulation,  the  double 
lane  change,  the  emergency  lane  change,  and  the  unexpected  obstacle.  These 
will  be  described  in  more  detail  below,  first  outlining  the  procedures  involved 
in  each  and  then  the  types  of  performance  measures  obtained. 


KEY  MANEUVERS 


The  regulation  task,  or  compensatory  tracking  task,  is  a maneuver  that 
requires  the  driver  to  maintain  position  within  a lane  on  a straight  stretch 
of  highway  in  the  presence  of  a simulated  gusting  crosswind.  The  simulation 
of  the  crosswind  was  accomplished  as  one  function  of  the  special  steering  appa- 
ratus shown  in  Fig.  2.  This  was  a linear  electrohydraulic  servo  inserted  in 
the  front  suspension  between  the  driver's  steering  wheel  and  the  tie  rod  that 
actually  moves  the  front  tires.  In  effect,  it  acted  as  an  extensible  link  to 
the  Pitman  arm  of  the  steering  system.  With  no  external  input  to  the  steering 
servo,  the  front  steer  angle  is  moved  via  the  conventional  steering  linkage, 
composed  of  the  power  steering  box,  Pitman  arm,  relay  rod,  and  tie  rods.  Because 
of  the  series  connection  the  extensible  link  acts  as  a siomming  junction  for  the 
mechanical  input  applied  via  the  steering  whee]  and  the  electrical  input  applied 
from  the  instrumentation  system. 

The  servo  performed  three  functions  in  the  tests  introduced  here.  First, 
by  moving  the  tires  as  functions  of  vehicle  motion  quantities,  such  as  lateral 
acceleration  or  yaw  rate,  different  levels  of  oversteer  or  understeer  could  be 
achieved.  Second,  the  steering  wiieel  position  could  be  fed  forward  to  change 
the  steering  ratio.  Both  of  these  functions  are  similar  to  those  available  in 
other  variable  stability  (Refs.  5 and  1)  and  variable  characteristic  (Refs.  ;; 
and  6)  auoomobiles . The  third  function  was  to  insert  disturbance  inputs.  These 
were  either  a step  steer,  which  appeared  to  the  driver  as  a blown  tire  or  run- 
ning off  the  edge  of  a lane,  or  a random-appearing  signal  which  v;as  the  basis 
for  the  regulation  task  itself.  The  random  input  is  composed  of  t.he  sum  of  five 
sine  waves  at  different  amplitudes  and  frequencies  such  that  it  appears  to  the 
driver  as  if  the  car  is  in  a gusting  crosswind  condition.  The  regular  power 
steering  box  provided  sufficient  isolation  between  the  servo  and  the  driver  so 
that  this  disturbance  was  not  reflected  into  the  steering  wheel. 

The  second  sensitive  maneuver  was  a double  lane  change  in  which  the  driver 
had  to  switch  from  one  9 Ft  lane  to  another  9 Ft  lane  at  mph  through  a ' ft 
entry  gate.  He  then  had  to  repeat  the  maneuver  in  reverse  to  return  to  the 
original  lane. 

The  third  maneuver,  an  emergency  lane  change,  incorporated  some  unexpected 
event  aspects.  It  was  based  on  three  conventional  traffic  lights  suspended 
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FEEDBACKS 

• Lateral  Acceleration 

• Yaw  Rate 
FEEDFORWARD 

• Steering  Wheel 
DISTURBANCE  INPUTS 

• Step 

• Random 


Figure  T.  Functional  Schematic  of  Variable 
Front  Steering  Servo 


acrocG  throe  adjacent  IP  ft  lanes.  Entry  was  at  50  mph,  in  the  center  lane, 
v/ith  all  three  traffic  lights  green.  Upon  tripping  a pressure-sensitive  road- 
way switch  with  the  front  tires,  two  of  the  three  green  lights  were  switched 
to  red,  at  which  point  the  driver  had  to  determine  which  lane  remained  green, 
maneuver  the  car  through  that  lane,  and  then  back  to  the  original  lane.  There 
were  approximately  P seconds  from  the  time  the  car  tripped  the  switch  until  the 
car  was  directly  underneath  the  lights. 

The  fourth  key  maneuver  was  the  unexpected  obstacle.  This  utilized  a full- 
size  side  view  photograph  of  a car  mounted  on  a movable  styrofoam  sheet.  The 
subjects  were  all  unaware  that  the  "obstacle,"  prepositioned  off  the  side  of 
the  road,  would  in  fact  come  out  into  their  lane. 
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PERFORMANCE  MEASURES 


In  each  of  the  above  maneuvers,  performance  measures  were  obtained  that 
were  sensitive  to  the  changes  in  vehicle  dynamics.  These  measures  can  be  classi- 
fied under  four  general  categories.  First  were  driver  response  measures,  such 
as  describing  functions.  Second  were  vehicle  motion  perfomance  measures,  such 
as  mean  square  values,  peak  values,  and  exceedences  of  key  variables.  Third 
v/ere  track  scores,  such  as  cone  hits,  timing  throughout  the  test  circuit,  and 
speed  deviations  in  specific  maneuvers;  and  last  were  subjective  driver  ratings 
of  each  different  vehicle  which  were  to  be  correlated  with  the  three  previous 
objectives  measures. 

For  the  driver  describing  function  measures,  very  repeatable  driver /vehicle 
describing  functions  such  as  shown  in  Fig.  I .■.ere  obtained.  These  results  were 
usually  based  on  two  or  three  runs  per  driver  at  ‘0  mph.  The  plot  in  Fig.  Z 
shows  the  combined  open-loop  drivei  vehicle  describing  function  denoted  by 
YpGgsy,*  The  driver  and  vehicle  dynamics  were  not  separated  since  changes  in 
such  key  parameters  as  crossover  frequency,  phase  m-  rgin,  and  effective  time 
delay  could,  in  themselves,  be  correlated  with  the  changes  in  vehicle  dynamics. 
Associated  with  the  describing  function  measures  were  rms  yaw  velocity  excur- 
sions and  driver  opinion  ratings  of  the  regulation  task. 

For  the  emergency  lane  change  and  double  lane  change  maneuvers,  steering 
activity  measures  and  safety-relevant  lane  exceedences  (as  measured  by  cone 
strikes)  v/ere  sensitive  indicators  of  vehicle  dynamic  differences.  An  example 
of  the  steering  activity  measure  is  shown  in  Fig.  /■ . This  shows  steering  wheel 
c-ctivity,  steering  wheel  rate,  lateral  acceleration,  and  yaw  velocity  for  each 
one  of  three  different  vehicle  dynamic  configurations.  On  the  lefthand  side  is 
a very  slowly  responding  car  having  l /Tr  = sec“^ . On  the  righthand  side 

is  a more  rapidly  responding  car  with  l 'Tj.  - b sec~^ . Comparing  the  steering 
v/heel  angle  trace  on  the  left  to  the  one  on  the  right  it  can  be  seen  that  there 
is  much  more  steering  activity  and  a much  less  repeatable  signature  for  the 
slowly  responding  car  tlrian  for  Lhe  rapidly  responding  car.  This  characteristic 
is  apparent  in  the  other  three  traces  also.  From  these  traces  it  was  possible 
to  determine  steering  wheel  reversals,  peak  steering  wheel  rates,  and  rms 
steering  wheel  activity  as  a function  of  vehicle  dynamic  response  given  by  ’ 'T^. 

The  erne  strike  measures  are  shown  in  Fig.  b.  These  data  are  for  the  emer- 
gency lane  change  maneuver  at  mph  and  show  the  percent  of  runs  in  which  the 
driver  exceeded  the  lane  boundary.  Ebcceeding  uhe  ]ane  boundary  was  noted  by 
either  hitting  or  knocking  over  cones  that  delineated  the  maneuver  lanes.  This 
plot  shows  the  changes  in  cone  strikes  as  a function  of  four  different  vehicle 
configurations  (noted  along  the  bottom  as  A,  B,  C,  and  D)  and  by  subject  sox 
since  this  t.urned  out  to  be  an  important  variable.  PYom  this  plot  it  can  be 
seen  that  the  cone  strike  measures  arc  sensitive  to  changes  in  vehicle  dyna- 
mics. A side  result  was  that  the  female  subjects,  in  all  cases,  exhibited  a 
higher  percentage  of  lane  exceedences  than  male  subjects. 

For  the  last  maneuver,  the  unexpected  obstacle,  we  were  not  able  to  corre- 
late any  performance  measures  with  the  changes  in  vehicle  dynamics  since  only 
the  first  exposure  to  the  obstacle  is  representative  of  the  unexpected  or 
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emergency  actions  of  the  driver.  This  maneuver,  however,  showed  large  qu  ,li- 
tative  differences  among  the  drivers. 

Aaalysec  and  conclusions  derived  from  the  tests  using  these  maneuvers 
allowed  us  to  derive  tentative  boundaries  for  vehicle  dynamic  characteristics 
that  required  the  least  amount  of  driver  lead  equalization,  produced  the  best 
closed- loop  driver  performance  in  all  tasks,  and  were  rated  good  from  the 
standpoint  of  required  workload.  A summary  of  the  primary  conclusions  (docu- 
mented in  Ref.  1 ) are  as  follows. 

1 . Measurements  of  closed- loop  driver  response  characteristics  in 
full-scale  road  tests  showed  crossover  frequency,  phase  margin, 
response  latency,  and  closed-loop  damped  natural  frequency  to 
be  important  driver  response  parameters.  These  results  were 
compatible  with  previous  driver /^vehicle  theory  and  models  in 
terms  of  driver  steering  gain  adjustments  and  the  generation 
of  lead  equalization. 
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2.  The  key  vehicle  parameters  were  the  overall  steering  gain  of 
the  car,  i.e.,  the  gain  between  the  steering  angle  and  the 
resulting  yaw  velocity  response  of  the  car  and  the  closed- 
loop  path  mode  time  constant  which  is  reflected  by  the  yaw 
time  constant,  Tp*  Of  less  importance  were  the  directional 
mode  frequency,  , and  damping  ratio,  . 

3*  The  key  maneuvers  were  the  regulation  task  (for  measurement 
of  closed-loop  driver  response  characteristics),  the  double 
lane  change  (for  measurement  of  the  transient  driver  charac- 
teristics), and  the  emergency  lane  change  (which  was  repre- 
sentative of  an  unexpected  or  emergency-type  situation). 

^ . Key  measures  for  these  tasks  were  driver  dynamic  performance 
(describing  functions),  steering  wheel  activity,  lane  exceed- 
ences (as  measured  by  cone  strikes),  yaw  velocity  dispersion, 
and  driver  opinion  ratings. 

In  companion  papers,  these  general  conclusions  are  described  more  quantitatively. 
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SUMMARY 


Simulation  is  becoming  an  increasingly  important  tool  in  driving  research. 
This  paper  describes  display  techniques  and  equations  of  motion  for  a rela- 
tively simple  fixed-base  car  simulation.  The  vehicle  dynamics  include  simpli- 
fied lateral  (steering)  and  longitudinal  (speed)  degrees  of  freedom.  Several 
simulator  tasks  are  described  which  require  a combination  of  operator  control 
and  decision  making,  including  response  to  wind  gust  inputs,  curved  roads, 
traffic  signal  lights,  and  obstacles.  Logic  circuit's  are  used  to  detect 
speeding,  running  red  lights,  and  crashes.  A variety  of  visual  and  auditory 
cues  are  used  to  give  the  di'iver  appropriate  performance  feedback. 

The  simulated  equations  of  motion  are  reviewed  and  the  technique  for  gene- 
rating the  line  drawing  CRT  roadway  display  is  discussed.  On-line  measurement 
capabilities  and  experimenter  control  features  are  presented,  along  with  pre- 
vious and  current  research  results  demonstrating  simulation  capabilities  and 
applications . 


BACKGROUND 


Simulation  of  manual  control  tasks  is  desirable  for  a number  of  reasons. 

It  is  often  less  expensive  than  working  with  the  real  system,  more  variables 
are  available  for  manipulation,  and  critical  real-world  situations  (e.g., 
emergencies,  performance  limits,  etc.)  can  be  simulated  in  relative  safety. 
Dynamic  simulations  of  aircraft  are  common  and  quite  sophisticated  (Ref.  l), 
and  can  be  justified  because  of  the  high  cost  and  relative  danger  inherent  in 
aircraft  operations.  Although  the  automobile  represents  a relatively  inexpen- 
sive system,  accidents  are  a major  and  expensive  problem  which  justifies  simu- 
lation for  research  and  training  purposes. 

The  simulation  described  in  this  paper  is  an  inexpensive  fixed-base  system, 
with  a fully  interactive  dynamic  display  that  responds  appropriately  to  driver 
stee''ing  and  speed  control  actions  (as  opposed  to  canned  film  simulators, 

Ref.  r).  Simulator  capability  requirements  were  evolved  out  of  past  research 
on  'lutomobile  dynamics  (Ref.  5)  and  driver  control  theory  (Refs.  and  ' ). 
Application  of  simple  autom.obile  dynamics  in  a simulation  were  originally 
developed  in  collaboration  with  the  UCLA  Institute  for  Traffic  and  Transporta- 
tion Engineering  (Ref.  6). 
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Hanod  on  the  above  work,  a more  elaborate  simulation  was  developed  fo/  use 
ill  a stud;/  of  the  effects  of  alcohol  on  driver  control  sponsored  by  the  National 
il.i.(/hv/uy  Traffic  Safety  Administration  (NHTSA)  (Ref.  7)*  This  simulation  has 
recently  been  further  modified,  includii.'g  the  addition  of  a relatively  sophis- 
ticated roadway  display,  to  accommodate  NHTSA- sponsored  research  on  alcohol 
effects  on  driver  decision  making.  The  present  simulator  configuration  has  a 
rich  variety  of  visual  and  auditory  cues,  and  readily  modifiable  lateral  and 
longitudinal  equations  of  motion,  which  should  prove  valuable  in  a wide  range 
of  applications  including  driver  control  and  decision-making  research,  and 
driver  training  in  normal  and  emergency  situations. 


SBfflJLATION 


A block  diagram  of  the  major  simulation  elements  is  shown  in  Fig.  l . An 
actual  car  cab  and  controls  are  used  along  with  an  electronically  generated 
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CffT  roadway  display.  Additional  displays  include  slide-projected  road  signs 
and  adjacent  traffic,  a variety  of  auditory  eves  (speed,  lane  marker  bumps, 
crashes),  and  a siren  ;..nd  flashing  red  light  for  traffic  violations. 

Car  equations  of  -notion  are  programmed  on  an  analog  computer.  Forward 
speed  is  controlled  by  accelerator  .'^nd  brake  inputs  to  a longitv  dinal  speed 
equation.  Dashed  lane  markers  on  the  display  move  proportional  to  speed,  which 
is  also  displayed  on  a circular  it  in.  speedometer  and  as  an  auditory  cue  with 
frequency  proportional  to  speed.  Apparent  car  translation  and  heading  display 
motions  are  controlled  by  steering  inpucs  to  a two-degree-of-freedom  set  of 
speed  variable  equations,  and  provision  is  made  for  simulating  disturbances 
due  to  wind  or  road  roughness. 

A variety  of  tasks  as  described  below  can  be  controlled  through  task  logic 
from  either  a punched  paper  tape  programmer  or  experimenter's  console  which 
also  allows  performance  monitoring  and  measurement. 


Display 

The  roadway  display  is  generated  with  special  purpose  electronic  circuits, 
v;hich  are  controlled  by  car  motion  variables  generated  on  the  analog  computer, 
and  displayed  at  2/5  scale  on  a lO"  x 12”  CRT.  The  circuitry  generates  line 
drawings  of  up  to  eight  symbols  at  a repetition  rate  of  125  times  ^er  second 
v;hich  provides  a smooth  responding  and  flicker  free  image. 

The  display  format  basically  consists  of  two  12  ft  lanes  bounded  by  2.‘  ft 
shoulders  as  shown  in  Fig.  1 . Display  computations  are  initiaJLlj^  done  in  the 
horizontal  plane  where  lines  are  straight  and  parallel,  an  obstacle  is  circu- 
lar, and  all  points  on  the  ground  plane  mo'-e  at  the  same  apparent  speed.  All 
symbols  are  then  multiplexed  and  the  correct  geometric  transformation  applied 
to  give  the  proper  apparent  road  perspective  in  the  display  plane  as  illus- 
trated in  Fig.  2,  At  this  point  a horizontal  display  deflection  proportional 
to  the  square  of  distance  down  the  road  can  also  be  applied  to  give  apparent 
roadway  curvatxire. 

The  dashed  lines  are  achieved  by  modulating  the  CRT  intensity  input  with 
the  square  wave  output  of  a multi- vibrator  circuit.  The  circ-iit  is  configured 
to  move  the  dashed  lines  one  dash  length  at  the  car  speed,  then  reset  rapidly 
to  give  the  illusion  of  apparent  dashed  line  motion.  Intensity  of  the  display 
elements  is  also  reduced  as  a function  of  distance  down  the  road  to  give  the 
illusion  of  distance.  This  electronic  display  concept  provides  a simple  means 
for  generating  clean  sharp  images  that  respond  instantly  and  smoothly  to  driver 
control  actions,  thus  avoiding  the  dynamic  problems  and  oxi>ense  associated  with 
computer-generated  and  terrain  model  display  approaches  (Refs.  ^ and  ^). 

Decision  Tasks 

The  above  simulation  capabilities  are  combined  to  present  driving  situations 
requiring  the  driver  to  decide  among  alternate  control  actions.  These  driving 
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Figure  2.  Roadway  Ground  Plane  Transformation  to  Display  Coordinates 


situations  are  controlled  by  the  paper  tape  programmer  with  presentation  rate 
proportional  to  speed  in  a typical  driving  scenario  as  described  below: 

1 . Traffic  Signal  — This  task  combines  a model  signal  light 
and  displayed  intersection  as  shown  in  Fig.  ?a.  The  ir.-^er- 
section  moves  as  a function  of  forward  speed.  The  inter- 
sectxon  initially  appears  at  a distance  of  5OO  ft  (the 
maximum  length  of  the  displayed  roadway)  accompanied  by 
the  green  (lower)  light.  The  amber  light  is  turned  on  for 
5 sec  at  an  intersection  distance  computed  from  car  speed 
to  give  a commanded  time  interval  for  "making”  the  light 
(i.e.,  for  higher  speeds  the  intersection  is  triggered  at 
larger  distances  from  the  car). 

2.  Unexpected  Obstacle  — In  this  task  a stationary  circular 
object  at  the  right  side  of  the  road  moves  into  the  right 
lane  as  shown  in  Fig.  3b.  In  this  situation  the  subject 
can  either  stop  or  drive  around  the  obstacle.  The  task  is 
further  complicated  by  the  possible  presence  of  an  inter- 
fering car  in  the  left  lane  as  projected  on  a rear  screen 
and  observed  through  the  side  view  mirror.  The  obstacle 
road  entry  distances  and  adjacent  cars  are  arranged  to  give 

a variety  of  conditions  requiring  either  stopping  or  steering. 
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T . Curved  Road  — This  task  is  preceded  by  a projected  curve 
v;arning  sign  follov;ed  in  a short  distance  by  the  curved 
road  as  shov/n  in  Fig.  5c.  The  curvature  increases  to  a 
peak  value  then  recedes  back  to  a straight  road.  Due  to 
a limit  placed  on  the  car's  tire  slip  angle,  the  maximim 
point  of  curvature  ca»mot  be  negotiated  any  faster  than 
50  mph  or  else  the  car  v/ill  skid  off  the  road.  This  task 
thus  requires  combined  steering  and  speed  control  for 
successfiil  completion. 

. Overall  Drive  Scenario  — The  above  tasks  arc  presented 
to  the  subject  in  random  order  during  a 1^-20  minute  drive 
controlled  by  the  paper  tape  programmer.  Various  amber 
light  and  obstacle  distances  are  included  to  induce  a range 
of  stopping,  accelerating,  and  steering  behavior.  A viola- 
tion circuit  can  also  be  activated  by  the  programmer  to 
detect  speeding  and  red  light  violations  at  certain  defined 
points  in  the  scenario. 

Crashes  and  violations  during  the  drive  scenario  are  determined  automati- 
cally by  logic  circuits  and  logged  on  a pen  recorder,  and  immediate  feedback 
can  be  given  to  the  subject  via  buzzers  for  crashes  and  a flashing  red  light/ 
siren  combination  for  violations.  A variety  of  other  performance  measures  is 
available  as  pen  recordings  including  car  variables  such  as  speed  and  lane 
position  and  driver  variables  such  as  steering,  accelerator,  and  brake  acti- 
vity. Additional  instrumentation  also  allovjs  the  measurement  of  eye  movements, 
heart  rate,  and  other  objective  driver  performance  parameters  including 
describing  functions  of  steering  control. 

The  experimenter's  console  shown  in  Fig.  is  provided  to  give  immediate 
feedback  on  task  configuration  and  subject  behavior.  The  console  also  allows 
the  experimenter  to  independently  initiate  the  various  tasks  described  above 
during  indoctrination  and  training  sessions. 


Control  Tasks 

A block  diagram  of  the  steering  and  speed  control  tasks  is  shown  in  Fig.  ; . 
The  driver's  steering  actions  are  processed  by  lateral  vehicle  steering  d^^na- 
mics  and  kinemt  tic  equations  to  give  vehicle  heading  and  position  relative  to 
the  roadway  (vjhich  may  be  curved).  These  variables  then  provide  inputs  to  the 
roadway  display.  Similarly,  throttle  inputs  to  the  longitudinal  dynamics  deter- 
mine vehicle  speed  which  is  displayed  to  the  driver  visually  via  the  roadway 
display  and  speedometer  and  aurally  from  the  audio  system. 

Disturbance  or  inputs  can  be  applied  to  the  lateral  and  speed  control  loops 
in  order  to  increase  the  driver's  workload  and  provide  stimuli  for  driver 
response  measurements.  A disturbance  combined  with  the  driver's  steering  sig- 
nal acts  miuch  like  wind  gusts  and  provides  a simple  means  for  mieasuring  the 
driver's  compensatory  steering  response  d;y'namics  under  constant  speed  condi- 
tions (Ref.  9).  In  an  analogous  fashion  a disturbance  can  be  combined  with 
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the  driver's  throttle  signal  to  measure  his  compensatory  speed  control  response 
dynamics.  Path  commands  can  also  be  provided  to  the  steering  control  task. 
However,  here  the  driver  receives  some  preview  of  the  input  frota  the  displayed 
road  curvature,  so  that  measurements  of  driver  response  in  this  case  relate  to 
his  pursuit  and  precognitive  behavior  (Ref.  10). 

The  lateral  steering  dynamics  are  basically  linear  two-degree-of-freedom 
eq\xations  (no  roll  axis),  derived  from  tire  and  wind  forces  and  moments  acting 
on  the  car  (Ref.  5)»  Small  angle  approximations  are  used  'e.g.,  sin 
and  speed  variations  are  assumed  to  be  slow  compared  to  re'ie’.'unt  lateral  car 
motions.  The  equations  are  speed  variable  in  that  the  lateral  response  'e.g., 
steering  gain  and  time  constants)  changes  correctly  with  speed,  and  also  a 
hold  circuit  is  provided  so  that  the  car  can  be  brought  to  a complete  stop. 

The  lateral  equations  do  contain  one  nonlinearity  which  is  a limit  on  the  side 
force  capability  of  the  tires.  As  mentioned  previously,  this  characteristic 
limits  the  speed  at  which  cvirves  can  be  negotiated  as  is  the  case  in  actual 
practice.  Finally,  various  vehicle  characteristics  (weight,  c.g.  location, 
etc . ) can  be  easily  varied  in  order  to  study  vehi  'le  steering  control  handling 
qualities  (Ref.  1l). 

The  speed  dynamics  are  given  by  a nonlinear  first-order  equation  with  a 
feedback  term  to  account  for  wind  resistance,  tire  friction,  etc.  The 
acceleration/deceleration  capability  for  throttle  inputs  has  finite  limits  to 
correspond  to  real  car  characteristics.  In  order  to  simplify  the  longitudinal 
kinematics,  braking  is  set  up  to  give  a constant  deceleration  level  correspon- 
ding to  a maximum  braking  capability  under  ideal  conditions  (i.e.,  approxi- 
mately 0.6  g).  Subjects  have  reported  the  speed  dynamics  to  be  quite  realistic 
and  are  typically  not  aware  of  the  idealized  braking  characteristics. 

The  road  curvature  kinematics  shown  in  Fig.  5 are  an  approximation  which 
assumes  that  the  rate  of  change  of  road  curvature  with  respect  to  distance 
traveled  is  small.  The  j)ath  curvature  develops  as  a function  of  distance  down 
the  road  (x  = / u dt),  and  the  curvature  command  is  used  both  as  an  input  for 
the  visually  displayed  curvature  (which  is  unidirectional  only)  and  the  path 
heading  rate  command.  The  curvature  command  can  be  generated  by  an  event  pro- 
grammer actuated  circuit  that  generates  a left-right  or  "S"  curve  command,  or 
by  a continuous  command  function.  The  circuitry  is  such  that  the  driver  can 
come  to  a complete  stop  on  a curve  with  the  display  correctly  showing  no 
roadway  motion. 


APPLICATIONS 


The  simulation  has  been  used  for  both  control  and  decision-making  studies. 
One  of  the  original  applications  involved  the  effect  of  alcohol  on  steering 
control  and  has  been  reported  in  detail  elsewhere  ^Ref.  ')•  More  recently 
we  have  conducted  e:q)loratory  studies  on  the  effect  of  degraded  preview  (i.e., 
fog)  on  driver  control.  In  Fig.  6 a driver's  ability  to  regulate  against  a 
square  pulse  wind  gust  is  illustrated.  V 'h  a clear  full  view  down  the  road 
the  driver  damps  out  the  disturbance  quite  well,  while  with  limited  preview 
steering  control  is  quite  oscillatory. 
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Figure  C.  Preview  Effect  on  Driver/Vehicle  Response  to  a 
Pulse  Wind  Gust  (run  at  a constant  speed  of  ^0  rapn) 

Using  a random  steering  disturbance,  the  effect  of  preview  on  the  driver’s 
dynamic  response  and  noise  (remnant)  output  has  also  been  measured  as  illus- 
trated in  Fig.  Y.  Measurements  were  obtained  according  to  the  technique  given 
i^R;?.  9.  Then,  parameters  were  fitted  to  the  driver’s  describing  function, 
and  the  root  locus  for  the  driver/vehicle  heading  mode  was  computed,  ihis 
analysis  (Fig.  7a)  shows  that  the  damping  decreases  under  degraded  Preview, 
which  is  consistent  with  the  transient  response  results  of  Fig.  o.  The  ^^ver  s 
remnant  also  increases  significantly  under  degraded  preview  as  shown  in  rig.  Tb. 

Preliminary  tests  of  the  effect  of  alcohol  on  driver  decision  making  have 
also  been  conducted  rising  the  driving  scenario  and  decision  tasks  discussed 
previously*  During  the  scenario  the  number  of  crashes  and  traffic  tickets  a 
the  completion  times  were  recorded.  The  subjects  were  offered  a steke  for  com- 
pleting a drive,  and  were  rewarded  for  completion  times  less  than  20  minutes 
to  encourage  timely  progress  past  signaled  intersections  and  obstacles.  The 
sub  loots  were  also  penalized  for  tickets  (running  red  lights  and  exceeding  ,ae 
mph  speed  limit)  and  "crashes"  (running  off  the  road  and  hitting  adjacent 
cars  and  the  obstrcle).  The  res'olts  for  three  subjects  are  shown  m rig.  •. 

The  results  show  ^he  number  of  crashes  to  be  quite  sensitive  to  Blood  .-.Icoho.. 
Concentration  ^BAC),  and  the  large  increase  in  crashes  under  alcohol  was  due 
primarily  to  excessive  speed  on  curves  and  failure  to  look  for  adjacent  cars 
before  chatiging  lanes. 
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Figure  7.  Preview  Effect  on  Driver /Vehicle  Dynamic  Response 
and  Remnant  (run  at  a constant  speed  of  50  mph) 


CONCLUDIK:}  R£MAR.KS 

In  both  the  applications  described  above  the  subjects  have  adapted  readily 
to  the  simulation  with  a minimum  of  training,  thus  allowing  the  studies  to  be 
oonduoted  efficiently.  The  simulation  is  also  easily  reconfigured  to  allow  a 
variety  of  research  studies.  The  lateral  equations  of  motion  can  be  simply 
vtxri^d  to  give  a wide  range  of  steering  characteristics.  The  speed  equation 

-Jgo  be  set  up  slightly  unstable  in  order  to  require  a given  level  of 
periodic  monitoring  by  the  driver  to  hold  constant  speed.  In  this  way  the 
driver's  work.Toad  can  be  set  to  a given  level  in  a plausible  driving  context 
in  order  to  place  controlled  attcntional  demands  on  the  driver  (Ref.  1?). 
dimple  modification  of  the  equations  of  motion  will  also  allow  the  simulation 
of  emergency  conditions  such  as  blowouts  and  wet  or  icy  roads. 

In  addition  to  the  research  applications  discussed  here,  this  class  of 
simulation  should  also  be  appropriate  for  driver  training.  The  interactive 
display  -allows  the  subject  to  experience  control  and  timing  requirements  in  a 
variety  of  driving  situations,  and  critical  traffic  situations  can  be  simulated 
safely. 
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Figure  Alcohol  Effects  on  Driving  Simulator 
Performance  for  Three  Dub.iocts 
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EFFECTS  OF  AUTOMOBILE  STEERING  CHARACTERISTICS  ON 
DRIVER  VEHICLE  SYSTEM  DYNAMICS  IN  REGULATION  TASKS 

By  Duane  McRuer  ani  Richard  Klein 

Systems  Technology,  Inc . 

Hawthorne,  California 


SUMMARY 


A regulation  task  which  subjected  the  automobile  to  a random*  gust  distur- 
bance  which  is  countered  by  driver  control  action  is  used  to  study  the  effects 
of  various  automobile  steering  characteristics  on  the  driver  vehicle  system. 

The  experiments  used  a variable  stability  automobile  specially  configured  to 
permit  insertion  of  the  simulated  gust  disturbance  and  the  measurement  of  the 
driver /vehicle  system  characteristics.  The  tests  were  conducted  in  two  phases: 
a broad  coverage  of  vehicle  dynamics  in  which  over  ^0  configurations  of  vehicle 
steering  dynamics  and  steering  gains  were  tested  with  an  expert  test  driver; 
and  a validation  phase  which  covered  6 sets  of  vehicle  dynamics  with  if  sub- 
jects. 

In  both  phases  driver/vehicle  system  dynamics  were  measured  and  interpreted 
as  an  effective  open-loop  system  describing  function.  Objective  measures  of 
system  bandwidth,  stability,  and  time  delays  were  deduced  and  compared.  These 
objective  measures  were  supplemented  by  driver  ratings. 

A tentative  optimum  range  of  vehicle  dynamics  for  the  directional  regula- 
tion task  was  established. 


INTRODUCTION 

The  experiments  described  in  this  paper  were  accomplished  as  part  of  a 
major  two-year  research  program  fRef.  l)  conducted  for  the  National  Highway 
Traffic  Safety  Administ”^ation  to  explore,  in  part,  the  relationships  between 
driver  and  vehicle  dynaiui^'S  in  closed-loop  control  tasks.  Reference  i dociiTients 
the  entire  program.  Reference  r is  an  introduction  to  tho  (r/erall  program, 
including  the  key  maneuvers  and  performance  m^easures  developed.  This  paper  pre- 
sents experimental  data  relating  to  tho  effects  of  automobile  steering  d:/nami^  s 
on  driver  behavior  in  the  continuous  tracking  or  regulation  tasks.  Tho  regu- 
Irition  task  used  was  a maneuver  that  required  a driver  to  maintain  position 
within  a lane  on  a straight  stretch  of  highway  in  the  presence  of  a simulated 
g'visting  croGswind.  The  simulation  of  thj  crosswind  was  acc-' mplished  as  one 
t'^ancticn  of  the  special  steering  apparatus  described  in  Refs,  i and  I.  The 
crosswind  simiUlated  comprised  five  sinusoids  at  different  amplitudes  and  fre- 
juencics  so  arranged  and  adjusted  that  the  disturbance  appeared  random  to  the 
driver  and  a reasonable  facsimile  of  a gusting  crosswind  condition, 
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Any  analytical  treatment  or  experimental  measurements  which  intend  to  repre- 
sent the  i’acts  of  this  type  of  task  must  recognize  as  fundamental  the  closed- 
loop  feedback  control  character  cf  driver /vehicle  system  operations.  Feedback 
control  is  concerned  with  the  maintenance  of  stability  and  the  achievement  of 
driver  p'orposes  in  the  face  of  varying  time  relationships.  In  the  closed-loop 
context  the  vehicle-alone  dynamics  are  subordinated  to  those  of  the  driver 
vehicle  system.  Nonetheless,  because  the  driver  adapts  his  dynamic  character- 
istics so  as  to  achivre  a more  or  less  fixed  set  of  closed- loop  system  proper- 
ties, the  vehicle-alone  dynamics  compel  the  driver  to  adopt  responses  peculiar 
to  a specific  vehicle.  To  the  extent  that  these  are  easily  accomplished  by 
almost  all  drivers  with  large  margins  for  intermittent,  indifferent,  and  inat- 
tentive operation,  the  vehicle  dynamics  would  be  "good.”  On  the  other  hand, 
vehicle-alone  dynamics  which  require  full-attention,  highly  precise  driver 
responses  to  maintain  system  stability  or  which  overextend  the  driver  to  the 
point  that  driver /vehicle  system  performance  becomes  inadeqmte  will  be  "bad." 

In  the  feedback  control  system  context,  the  objective  measures  which  character- 
ize these  features  of  the  driver  and  driver /vehicle  system  include  such  things 
as:  system  bandwidth  and  phase  margin,  driver  effective  time  delays  and  lead 

equalization,  etc.  Subjective  indicators  in  the  same  context  are  driver  ratings 
of  workload  and  controllability. 

A complete  quantitative  description  of  the  interactions  between  the  driver 
and  vehicle  in  the  driver  Vehicle  system  requires  that  these  elements  be  replaced 
by  mathematical  attorneys.  The  vehicle  dynamics  are  readily  defined  usin^,  non- 
linear differential  equations  of  motion  which  can  be  simplified  and/or  linear- 
ized for  the  constant  speed  directional  regulation  task  of  interest  here.  For- 
tunately, enough  is  also  known  about  the  physical  "laws"  of  human  operator 
dynamic  behavior  in  control  of  vehicles  to  permit  the  construction  of  quanti- 
tative mathematical  models  for  steering  situations.  A comprehensive  up-to-date 
status  of  the  empirical  and  analytical  bases  for  mathematical  models  of  human 
operators  in  an  enormous  variety  of  tasks  is  given  in  Ref.  37.  Application  of 
operator  behavior  laws  derived  from  these  empirical  bases  to  the  analysis  of 
driver/vehicle  problems  has  become  very  fruitful  in  the  last  decade  (Refs.  ^- 
Specific  validation  in  both  full-scale  and  driving  simulation  has  given 
them  further  status  as  effective  prediction  tools  (Refs.  FC',  27).  These 
driver  'vehicle  model  concepts  permit  the  development  of  a cause-effect  struc- 
ture which  allows  a change  in  any  of  the  elements  of  the  system  to  be  traced 
through  to  ios  logical  effects  on  driver 'vehicle  system  performance  and  objec- 
tive measures. 

The  dynamics  of  the  driver /vehicle  syntern  in  the  constant  speed  regulation 
ficft  an  be  considered  as  u quasi-linear  system  which  incorporates  driver 
describing  functions  and  driver-induced  noise  to  characterize  the  driver  and 
transfer  functions  to  describe  the  vehicle.  The  interaetion  of  these  entifes 
in  the  driver  vehicle  system  is  summarized  briefly  in  the  first  section  belo... 
This  provides  a structure  for  the  measurement  of  effective  open-loop  describ- 
ing functions  to  quantify  the  dynamics  of  the  driver /vehicle  system.  Special, 
but  key,  dynamic  entities  rre  the  system  crossover  frequency,  phase  margin,  and 
effective  latency.  These  are  used  as  the  main  summaries  of  objective  experi- 
mental data  given  here.  In  the  feedback  control  syzt''~,  context,  these  summary 
features  characterize  or  ^inply  the  driver  vehicle  system  stability,  response, 
and  precision  of  control  or  accuracy. 
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Although  the  dynamic  characteristics  of  contemporary  production  automobiles 
range  over  a broad,  spectrum,  the  highly  adaptable  characteristics  of  drivers 
permit  millions  of  driver /vehicle  systems  to  be  operated  with  great  precision. 
Yet  this  precision  comes  only  at  some  cost  in  driver  concentration  and  mental 
and  physical  workload.  To  provide  an  indication  of  these  features,  a driver 
rating  scale  for  continuous  control  operations  is  introduced  in  the  second 
section. 

With  these  introductory  and  background  aspects  covered,  we  next  turn  to  the 
full-scale  experiments.  These  were  divided  into  an  initial  or  exploratory 
series  in  which  many  vehicle  dynamic  configurations  were  examined  using  an 
expert  test  driver,  and  a validation  series  which  exami.ned  six  sets  of  vehicle 
dynamics  with  16  (eight  male,  eight  female)  subjects.  The  regulation  test 
results  from  these  two  experimental  series  are  treated  in  sequence  in  the 
third  and  fourth  sections  below. 


OYKAMIC  MODEL  FOR  MEASURQ4ERT  OF 
LATERAL  POSITION  REQULATION 


References  12  and  15,  which  will  be  followed  here,  use  manual  control  system 
theory  and  data  to  structure  models  which  describe  driver  steering  control  and 
the  driver/vehicle  closed- loop  system.  These  models  permit  driver/vehicle  per- 
formance to  be  predicted  analytically  for  various  conditions  but,  more  impor- 
tant here,  they  provide  a basis  for  measuring  and  assessing  the  effects  on  the 
system  of  changing  the  vehicle  handling  and  response  factors. 

The  model  to  be  reviewed  is  for  steering  control  of  vehicle  lateral  posi- 
tion, with  the  driver  actions  regulating  against  disturbances  while  following 
a more  or  less  straight  or  gently  cvirving  roadway.  For  this  position  regula- 
tion driver  task,  the  theory  (Refs.  12  and  15)  and  simulation  experiments 
(Refs.  26-28)  indicate  that  the  driver’s  steering  wheel  output  is  predominantly 
a function  of  the  lateral  position  error,  yg,  and  the  vehicle  heading,  \|'.  This 
is  shown  in  the  block  diagram  of  Fig,  1 and  is  described  in  equation  form  by: 


^sw  ~ ^y^ilfYe 


(1) 


The  feedback  to  the  steering  wheel  of  position  error  via  the  driver,  denoted 
by  the  quantity  YyY-^yo,  is  needed  to  satisfy  the  basic  guidance  and  control 
requirement  for  precision  path  following.  That  is,  this  component  of  steering 
wheel  motion  results  in  a front  wheel  steer  angle  which  will  tend  to  reduce  anj' 
lateral  position  error  the  car  may  have.  The  inner  loop  feedback  of  vehicle 
heading,  represented  by  Y^\lr  in  Eq.  1,  provides  the  path  damping  needed  for  a 
stable,  well-behaved,  closed-loop  system.  Without  a term  to  provide  this  Sanc- 
tion the  driver/vohicle  system  would  tend  to  oscillate.  The  final  quantity, 
Y.;,.n,  in  Eq.  I gives  the  effect  of  the  driver- induced  noise  (or  remnant)  which 
always  accompanies  human  operators. 


410 


I • 


1 


T 


T 


T 


1 


I 


1 

I 


I 


Figure  1 . Block  Diagram  of  Driver/Vehicle  System  for  Lateral 
Steering  Control  with  Simulated  Gust  Disturbances 


To  model  the  driver  in  Fq.  l a nonlinear  approach  is  taken  in  which  the 
input-dependent  descrioing  functions,  Y^,  and  Yy,  and  a random  noise  (remnant) 
process,  n,  are  used  to  characterize  the  driver's  control  and  regulation 
actions.  Because  the  describing  functions  are  input-dependent  elements  within 
feedback  loops,  they  are  in  principle  functions  of  the  forcing  function  and 
dist'irbances  acting  on  the  system  and  of  the  dynamics  of  the  vehicle  which  the 
driver  controls.  Once  the  vehicle  dynamics  and  system  forcing  functions  are 
specified,  the  describing  functions  are  as  well,  and  the  system  can  thence- 
forth be  treated  as  a quasi-linear  system  contaminated  with  driver- induced 
noise. 

The  presumed  driver  response  structure  represented  by  Eq.  1 and  the  block 
diagram  of  Fig.  1 in  no  way  implies  that  either  lateral  position  or  heading 
angle  are  directly  perceived  by  the  driver  as  such,  but  only  that  \.he  driver 
responds  in  part  to  some  function  of  these  variabl'^s  as  picked  up  from  the 
available  visual  display.  Other  possibilities  which  are  entirely  similar  in 
their  effect  are  described  in  Ref,  which  is  the  basis  for  the  developments 
irmediutely  below. 

The  equations  which  describe  the  heading  and  lateral  position  outputs  in 
terrr,s  of  the  driver  describing  functions,  vehicle  dynamics  system  inputs,  and 
driver  remnant  can  be  derived  from  Fiq.  1 and  the  block  diagram  of  Fig.  i.  The 
sysv>m  inputs  which  require  consideration  include  a lateral  positional  command, 
y^,  external  disturbances,  t,,  and  the  tost  disturbance,  Ac  shown  in  i'ig.  i, 

the  position  command  i.s  actually  present  in  the  driver  c'-mponont  of  the  closed- 
loop  system.  In  other  words,  the  effjctive  position  command  is  to  some  extent 
driver  induced.  The  general  character  of  this  corn  .land  is,  however,  determined 
by  the  roadway,  lane  pattern,  obstacle '■  to  be  avoided,  etc.  The  external  dis- 
turbances, r,,  can  arise  from  gusts,  a side  velocity  from  roadway-induced 
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disturbances,  or  from  specially  contrived  force  and/or  moment  generators 
attached  to  the  vehicle.  The  test  input,  &d,  is  readily  applied  in  actual  or 
simulated  cars  by  the  addition  of  an  extensible  link  or  other  differential 
device  into  -che  steering  system.  The  system  dynamic  elements  involved  are  the 
veh.i.cle  transfer  functions  G$„,  G^„,  and  G^,  G^  which  relate  vehicle  heading, 
and  lateral  position,  y,  to  steer  angle,  5v,  and  external  disturbances, 
respectivelyj  the  steering  linkage  transfer  characteristic,  Gsj  and  the  driver 
describing  functions,  and  Yy,  already  mentioned. 

T’he  equations  of  motion  for  lateral  position  and  heading  with  these  for- 
cing functions,  disturbances,  and  system  dynamics  are  given  by: 


(l+YyYVl»(^)  y 


0^  YyY*Ga(^ 


hd 


YyY^aoJv  (I+YVSbgJw)  ♦ 


The  front  wl»eel  steer  angle  is  provided  by  the  auxiliary  equation: 


&w  = bd  YyY^s(y<;  ~ y)  + Y^s(>^  “ 'I') 


The  closed-loop  system  response  functions  for  heading,  lateral  position, 
and  front  wheel  steer  angle  are  given  as  functions  of  the  forcing  func- 
tion and  disturbances  in  Table  1 . The  m\iltiloOT  character  of  this  system 
is  indicated  by  the  sura  of  Y^gGg„  and  YyY^^^sG^  deno^nator 

and  the  presence  of  the  coupling  numerator  terms,  shovm 

in  the  \lf  ani  y numerator  expressions  (Ref.  29).  The  two  primes  on  the 
denominator,  D,  indicate  that  two  loops  are  closed. 

In  a single-loop  system  the  denominator  of  the  closed-loop  system 
transfer  functions  will  have  a form  in  which  the  open-loop  system  transfer 
function  is  added  to  unity,  i.e.,  1 + G.  If  we  define  an  effective  driver 
describing  function,  Yp,  in  the  fashion  shown  btlow  this  form  can  be  achieved: 


Y,j,Gs(g||^  + YyG^^)  = 1 + YpGgG^^ 


where 
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TABLE  1 


CLOSED-LOOP  SYSTEM  DYNAMICS 


Denominator: 


1 + Ww) 


1 + + -^  G&w 


y Numerator: 


D’V  = YyY^sC^„y  + Y^sG?„n  + G^„5d  + + Y^sG?^)ti 


>|f  Numerator: 


D”i|r  - YyYi^sG^^c  + Y^sG^^  + G^&d  + (GtJ  + YyY^sGi|^)Ti 


L Numerator: 


D'*6  - YyY^sYc  + Y^gn  + 6^  — Y^s(YyG^  + g|j)t| 


^ ^ effective  ;?ingle-loop,  open- loop  transfer  characteristic  is 

or  'the  equivalent,  YpGgg^.  The  effective  driver  describing  function 
is  seen  to  depend  on  the  heading  loop  driver  describing  function,  Y^,  and  that 
for  the  lateral  position  loop,  Yy,  as  well  as  on  the  vehicle  y and  \|f  transfer 
function  numerators.  This  latter  point  is  emphasized  by  the  ratio  N^^/nJ,  a 
notation  which  represents  the  vehicle  transfer  function  numerators  specifically. 

This  effective  single-loop,  open-loop  characteristic  is  especially  simple 
to  measure  with  the  use  of  the  test  disturbance,  &d»  The  front  wheel  steer 
response  v/ith  bd  remnant  as  the  system  forcing  characteristics  is  given  by: 


" 7'v';'  pi 77y~  ff'd  + Y^Ggn]  = [Bd  + Y^gn] 

1+YG  G?  +YgY  1+YG„G^  ^ 


^p'^s-bw 
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At  frequencies  where  remnant  effects  can  be  considered  negligible,  an  effec- 
tive open-loop  system  can  be  formed  by  considering  as  the  input  and  5 the 
error.  Then  the  qviantity  parallels  the  quantity  [( input, 'error)  - 1 ] 

in  a single-loop  system.  Performing  this  operation  gives: 

^ - 1 = V^3(c|„  + YyOlj 


Here  the  quantity  Yp  is  seen  to  be  obtained  by  tak?.ng  the  closed-loop  response 
measurement,  inverting  it,  subtracting  1,  then  dividing  the  known  transfer 

function  of  ' ’le  steering  linkage  and  vehicle,  Gs®&w*  particularly  simple 

in  form  in  that  the  driver's  heading  describing  function,  Y^,  a multipli- 
cative factor,  while  Yy  enters  into  the  bracketed  expression  in  a relatively 
simple  way. 

The  driver /vehicle  system  dynamics  measurements  taken  in  the  experiments 
reported  here  are  based  on  Eq.  7*  The  data  (Ref.  1 ) are  presented  in  the 
effective  open-loop  system  fom  YpGsGg^  because  this  directly  reveals  band- 
v;idth,  crossover  frequency,  phase  margin,  and  other  key  system  dynamic  data. 

The  driver-alone  characteristics  can  be  deduced  from  the  data,  if  desired,  by 
the  techniques  described  in  Ref.  28. 

INTRODUCTION  TO  DRIVER  RATINGS  AND  THEiR 
CONNECTIONS  WITH  DRIVER  DYNAMICS 

Some  facetr  of  driver /vehicle  control  can  be  measured  objectively.  These 
include  the  \/^ehicle's  and  the  driver's  dynamic  characteristics  and  the  asso- 
ciated driver /vehicle  system  dynamics  and  performance.  Other  features  of  the 
driver  control  task,  such  as  mental  workload,  concentration,  and  attention 
demands  on  the  driver,  as  well  as  the  driver's  subjective  impression  of  the 
ease  with  which  the  car  is  controlled,  can  only  be  assessed  by  asking  the 
driver.  The  factors  listed  above  are  like  those  v;hich  in  the  analogous  case 
of  aircraft  handling  are  taken  into  account  by  a skilled  test  pilot  in  pro- 
viding a pilot  commentary  and  an  associated  pilot  rating.  For  these,  the 
Cooper-PIarper  Scale  (Ref.  50)  is  used.  From  the  part  of  this  scale  repro- 
duced in  Fig.  2 we  see  that  pilot  compensation  (equalization)  and  effort 
(workload)  are  key  factors  in  the  ratings.  It  is,  therefore,  no  sxirprise 
that  the  scale  has  proved  to  be  especially  useful  as  an  index  when  comparing 
competing  vehicles  on  a workload,  pilot  compensation,  basis. 
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AmCfUFT 

CHARACTENISTICS 


OCMANOS  OH  THE  WLOT  WtOT 

IK  SCUCTED  TASK  OR  REOUIREO  OPERATION*  RATING 


M«rO'  dtficiencics 


Major  dolicioncies 


Major  dtf*c»anc*os 


Major  dtficioociet 


Adequate  performanca  riol  atUinabJa  with 
maximum  tolerable  pilot  compensation. 
Controllability  not  in  question 


Considerable  pilot  compensation  is  required 
for  control 


Intense  pilot  compensation  is  required  to 
retain  control 


Control  Will  be  lost  during  some  portion  of 
required  operation 


# OeKmbon  of  requited  operation  involves  designation  of  tl%ht  phase  and/or 
awbphaaet  with  accompanying  conditions. 


Figure  2.  Cooper-Harper  Handling  Qualities  Rating  Scale 


Because  closed-loop  tasks  are  often  critical  from  the  standpoint  of  opera- 
tor compensation  or  skill  required,  and  because  such  tasks  are  often  crucial 
in  high  worldLoad  phases  of  operations,  one  woxild  expect  some  connections 
between  subjective  ratings  (,on  a scale  like  the  Cooper-Harper)  and  the  opera- 
tor and  operator /vehicle  system  dynamics  and  performance.  In  fact,  in  control 
tasks  involving  the  tracking  of  commands  (e.g.,  curving  roads)  or  regulation 
in  the  presence  of  disturbances  (e.g.,  crosswinds),  the  operator  adjusts  his 
dynamic  characteristics  to  the  vehicle,  forcing  function,  and  disturbance 
characteristics  in  order  to  achieve  some  desired  level  (e.g.,  staying  in  a 
lane)  of  overall  operator /vehicle  system  perfo'nnance . To  do  this  the  opera- 
tor's adapted  dynamics  must  offset  or  make  up  for  vehicle  dynamic  deficien- 
cies. In  other  words,  by  virtue  of  the  closed-loop  feedback  system  nature  of 
the  operator/vehicle  system  and  the  adaptive  characteristics  of  the  operator, 
a duality  exists  between  the  vehicle  dynamics  and  those  the  driver  adapts  in 
order  to  maintain  overall  system  characteristics  essentially  constant.  For 
this  reason,  the  subjective  ratings  can  be  treated  as  being  dependent  on  the 
vehicle  dynamics  directly.  This  permits  an  immense  simplification  in  prac- 
tice, because  the  operator  dynamic  characteristics  do  not  always  have  to  be 
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"■■•sasuri’d . Inst'jad,  the  changes  in  vehicle  dynamic  properties  can  be  used  j. 
independent  variables  which  induce  changes  in  the  operator  characteristics 
and,  in  turn,  changes  in  the  rating.  But,  let  there  be  no  mistake  — th<=» 
subjective  ratings  are  indicative  of  operator  behavior  (in  terms  of  workload, 
equalization,  attention  and  concentration  demands,  etc.)  as  comi>elled  by  the 
vehicle  dynamics  in  order  to  meet  system  necessities. 

Essentially  all  that  has  been  said  above  has  been  based  or.  pilot  aircraft 
systems  rather  than  driver/vehicle  systems,  with  the  implication  that  a high 
degree  of  parallelism  exists.  Driver  rating  techniques  have  been  employed 
with  automobile  scenarios  (e.g..  Refs.  51  and  52),  although  not  to  the  degree 
that  the  techniques  have  been  used  in  aircraft. 

The  scale  we  have  adapted  for  regulation  or  compensator^’’  tracking  situa- 
tions (shown  in  Fig.  5)  is  very  similar  to  the  Cooper-Harper  Scale  in  that  it 
emphasizes  driver  worW.oad,  compensation,  and  attentional  demands.  The  scale 
is  ftmdamentally  open  ended  and  intended  to  be  interval.  No  numbers  are  shewn. 
When  using  the  scale  the  subject  shows  his  assessment  by  simply'-  marking  a loca- 
tion along  the  lefthand  side.  These  are  later  converted  to  numerical  -/alues 
by  the  analyst  using  a range  from  0 to  10  corresponding  to  the  ticks  on  the 
lefthand  side.  Because  the  scale  is  open  ended,  a rating  greater  than  10  is 
possible . 


CONTROL  DEMANDS  CN  DRIVER 
DURING  REGULATION  TASKS 


EXCELLENT  — minimal  coigiensation  (eff<^rt, 
anticipation)  required  to  maintain 
desired  (attainable)  performance 


GOOD  — mild  condensation  required 


FAIR  — moderate  compensation  required 


POOR  — significant  compensation  required 

NEARLY  UNCONTROLLABLE  — - excessive  control 
demands,  cannot  maintain  adequate  control 


Figure  5-  Driver  Rating  Scale  for  Regulation  Tasks 
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:f^ul,  rating  data  based  on  the  adjectives  can  then  bo  treated  as  being  on 
an  interral  scale,  just  as  rriar^*ings  on  the  left  are.  Means  and  '.variances  cf 
the  rrjinerical  ratings  are  then  legitimo.te  operations  ^Refs.  and  ). 


TEST  DRIVER  VEHICLE  REGULATION  TASK  RESULTS 


In  the  regulation  task  the  system  block  diagram  is  essentially  that  shov;n 
in  rig.  1.  In  the  test  series  a random-appearing  disturbance  v;as  applied  to 
tile  variable  stability  and  steering  -ar  by  moving  the  front  tires  with  the 
extensible  link  servomechanism.  This  serves  to  move  the  tires  but  not  the 
steering  wheel  because  +:he  servo  is  installed  in  series  v;ith  the  '.driver  and 
backed  up  by  the  power  steering  unit.  To  the  driver  the  car*s  motions  appear 
ver^'  similar  tc  those  present  in  a strongly  g-asting  crosswind.  The  driver's 
regulation  task  is  simply  to  keep  the  car  centered  in  the  lane  by  applying 
corrective  steering  inputs. 

The  regulation  task  at  ‘kO  mph  w’as  performed  two  or  three  times  for  each 
vehicle  config^arat ion  (see  Refs.  1 and  2:)  tested.  The  measurement  intcr\cil 
’.•as  ' sec.  A representative  sample  of  the  primaiqy^  driver  vehicle  system 

dynamic  response  data,  given  in  terms  of  the  effective  single-loop,  open-loop 
des^'ribing  function,  YpG?^;..,  i-  shov;n  in  Fig.  k.  In  this  typical  exar.ple  the 
amplitude  rcti'  is  very  clos^'  to  the  ideal  crossover  model  form,  dome  cf  th*^' 
describing  f’unction  data  (doermented  in  Ref.  1,  Vol.  II)  show  amplitude  ratio 
slopes  somewhat  more  or  less  than  -PO  dB  'decade,  although  they  are  still  well 
approximated  by  a straight  line. 

To  establish  some  elementary  data  trends  consider  the  nearly  neutral  steer 
c'^nfig'dration.  The  crossover  frequency,  and  phase  margin,  data  for 
these  three  Ivnamic  situations  are  shewn  in  Fig.  y as  functions  of  the  car's 
inverse  yaw  time  constant,  1 Tj*.  Note  that  crossover  freiuency  is  nearly  con- 
stant and  phase  margin  decreases  slightly  as  1 decreases.  The  steering 
gain  is  indicated  beside  the  range  marks  on  the  crossover  frequency  and  phase 
lata.  These  indicate  that  part  of  the  differences  in  crossover  fre- 
:ueii'’v  and  phase  margin  may  be  associated  v;ith  steering  gain.  However,  suen 
-lirfercnces,  if  they  do  exist,  are  not  ordered  the  same  way  for  any  given  c^n- 
fi^''.ratlr^n  ^although  1 G3  - pa  is  generally  the  lowest 

The  phase  margin  data  can  be  converted  to  total  system  effective  latency, 

via: 


IT  P - • J,. 


‘ C 
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Effective  System  Lotency  , Phose  Margin  , (deg ) Crossover  Frequency , Wr  (rod /sec) 


This  fundamental  measare  is  shown  in  Fig.  It  appears  to  be  reasonably  con- 
stant at  Tq  = 0.21  sec  for  the  full-scale  data  over  the  range  of  ^ Tri.‘  • 

When  contrasted  with  fixed-base  simulator  data  for  the  same  driver  and 
vehicle  dynamic  configurations  (see  Refs.  1 and  56)  the  data  trends  are  gener- 
ally similar  over  the  1 /T^  range  tested  here,  but  there  are  major  quantitative 
differences.  The  crossover  frequency  and  phase  margin  for  the  full-scale  tests 
are  greater  than  those  achieved  in  the  fixed-base  simulator,  and  the  total 
system  effective  latency  is  less. 

The  regulation  data  for  nine  of  the  vehicle  dynamic  configurations  driven 
by  the  test  driver  are  summarized  in  Table  2 and  shown  in  Figs.  6,  and  9. 
Table  ? data  are  averages  for  all  steering  gains,  whereas  the  figures  show  the 


TABLE  2 


SUMMARY  OF  DESCRIBING  FUNCTION  PARAMETER  FOR 
TEST  DRIVER  REGULATION  SERIES 


YAW  INVERSE 
TIME  CONSTANT 

DIRECTIONAL 
MODE  DAMPING 
RATIO  i 

DIRECTIONAL  MODE 
UNDAMPED  NATURAL 
FREQUENCY 

CROSSOVER 

FREQUENCY 

PHASE 

MARGIN 

EFFECTIVE 

SYSTQ^ 

LATENCY 

1/Tr 

a'i 

CLc 

^'M 

-1 

sec 

rad/sec 

rad/scc  • 

; deg 

’ sec 

i/T,  (sec') 

Figure  6.  System  Crossover  Frequency  as  a Function  of  Inverse 
Yav  Time  Constant  for  Test  Driver  Series 


range.  Consider  first  the  crossover  frequency  data  shown  in  Fig.  f . These 
indicate  at  least  two  basic  trends  which  correspond  to  high  and  medium  damping 
ratios,  respectively.  In  general,  the  vehicle  dynamics  with  O.'f  <_  r . < O.o 
permit  a crossover  frequency  of  about  rad  sec;  whereas  the  dynamics  with 
- 1 have  (I’c's  which  are  about  i rad  sec  less.  This  is  an  expected  result 
since  the  effective  phase  lags  due  to  the  vehicle  are  less  for  the  lower  damp- 
ing ratio  cases  than  for  the  near  neutral  steer  ( I"  - configurations.  Accord- 
ingly, the  driver  can  attain  a higher  system  crossover  frequency  for  these  con- 
figurations for  the  same  amount  of  driver  lead  generation.  The  big  surprise 
is  that  this  same  characteristic  is  not  present  with  the  low  damping  ratio  car 

• O.-').  The  reasons  for  the  low  crossover  frequency  exhibited  by  the  test 
driver  here  may  be  idiosyncratic;  in  any  event,  they  are  obscure. 

The  crossover  frequency  data  shown  in  Fig.  • show  not  only  the  average 
for  all  steering  gains  but  also  the  range.  The  steering  gains  arc-  indicated 
beside  the  range  marks.  .lust  as  with  the  partial  data  set  shown  in  rig.  ‘ a, 
these  sh  differences  in  crossover  frequency  associated  with  the  various 
gains.  Here  again,  the  differences  have  no  consistent  order.  That  is, 
the  crossover  frequencies  for  ratios  of  lO,  r , 19,  and  P'  are  not  generally 
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orierod.  the  same  way  when  various  f including  repeat)  configurations  are  cou- 
siderod.  A weak  case  could  be  made  for  higher  crossover  frequencies  with  the 
"faster  steering"  ratios  of  10  and  V/  and  lower  crossover  frequencies  with  the 
"slower"  The  '.-r;  differences,  in  any  event,  are  small. 

The  general  consistency  of  the  crossover  frequency  for  the  several  steer- 
ing gains  and  configurations  again  implies  that  the  driver  tends  to  compensate 
for  changes  in  the  steering  ratio  by  adjusting  his  gain.  This  can  be  appre- 
ciated visually  by  comparing  the  steering  wheel  and  steering  wheel  rate  time 
histories  at  different  steering  ratios.  Typical  results  for  three  regulation 
runs  are  shown  in  Fig,  7.  All  three  parts  of  this  figure  show  comparable  yaw- 
ing velocity  and  side  acceleration  traces.  To  achieve  these  nearly  constant 
vehicle  motions,  the  steering  wheel  and  steering  wheel  rate  activity  have  to 
increase  markedly  as  the  steering  ratio  is  reduced  from  10:1  to 

Unlike  the  crossover  frequency  data,  the  phase  margin  results  given  in 
Fig.  P,  do  not  separate  well  as  functions  of  the  vehicle  damping  ratio.  The 
mean  phase  margin  would  be  lUt  deg  shown  by  the  dashed  line,  with  a standard 
deviation  of  7 deg.  Considering  the  overall  accuracy  of  measurement,  the 
variability  of  describing  function  data,  and  the  fact  that  this  includes  the 
maverick  datum  at  1 /Tj.  - 5,  this  res.tLt  is  quite  remarkable. 
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The  phase  :nargin  data  are  converted  to  total  system  effective  latency  and 
shown  in  Fig.  9-  The  points  are  closely  clustered  and  support  an  average 
effective  system  latency  of  xg  = 0,??  sec  with  a standard  deviation  of  about 
0.05  sec.  These  data  as  a whole  tie  in  very  well  with  the  =1  subset  pre- 
viously describiid. 

The  driver  ratings  obtained  for  the  regulation  tasks  were  reasonably  con- 
sistent and  orderly.  They  clearly  differentiated  between  configurations 
requiring  low  or  moderate  and  high  driver  compensation/attention  demands  and 
other  driver  workload- related  aspects.  Iso-rating  plots  of  vehicle  gain  vs. 
the  yaw  time  constant  are  shown  in  Fig.  10.  The  lines  are  for  n»edium  and  high 
damping  ratios,  i.e.,  > O.'J.  The  general  trends  are  similar  to  those 

obtained  on  the  fixed-base  simulator  (Ref.  l),  although  the  good  region  is 
narrower  in  the  gain  dimension  and  the  rlgi't  boundary  is  more  definitively 
closed.  The  region  within  the  ”5"  b''u»idary  represents  an  acceptable  and  satis- 
factory vehicle,  whereas  configurations  outside  the  6 boundary  are  both  unac- 
ceptable from  a workload  and  concentration  standpoint  and  unsatisfactory  in  a 
closed-loop  system  performance  context.  The  region  between  the  5 and  6 boun- 
daries is  for  configurations  which  are  marginal  in  some  respect  or  other. 


I/T,  (»•€■') 

Figure  8.  Phase  Margin  Data  as  a Function  of  Inverse  Yaw 
Time  Constant  for  Test  Driver  Series 
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Figure  9*  Effective  System  Response  Latency  as  a Function  of 
Yaw  Time  Constant  for  Test  Driver  Series 
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I'igure  10.  Test  Driver  Rating  Boundaries  for  the 
Regulation  Task  at  >0  mph 
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TYPICAL  DRIVER/VEKCCLE  RBOUIATION  TASK  RESULTS 


The  initial  full-scale  tetiting  series  yith  an  expert  test  driver  provides 
a core  of  results  which  potentially  could  fully  describe  the  compensator^'’ 
system  characteristics  of  the  driver,  the  vehicle,  and  the  driver ^vehicle 
system  and  their  interrelationships  for  a wide  range  of  two-c  ^ 3e-of-freedom 
vehicle  directional  dynamics.  A question  that  remains  is  how  well  will  this 
structure  generalize  to  typical  drivers.  To  answer  this  question  a series  of 
validation  experiments  were  run  using  six  (including  gain  changes)  vehicle 
dynamic  configurations  and  sixteen  subjects. 


Vehicle  Conflguratlone  and  Subjects 

The  six  laboratory  vehicle  configurations  selected  for  validation  testing 
are  summarized  in  Tabic  3-  Configuration  A is  typical  of  near-optimum  vehicle 
dynamic  characteristics  found  from  +'ie  initial  series  with  the  test  driver. 

The  indicial  response  dynamics  exhxuit  such  "good"  features  as: 

• Rapid  initial  rise  time  to  the  nominal  steady-state 
level. 

• Little  overshoot  following  initial  rise. 

• No  residual  oscillation. 

The  superior  features  of  this  configuration  from  a driver /vehicle  standpoint 
follow  from  these  step  response  properties.  Because  the  response  is  both  rapid 
and  lacks  a significant  overshoot,  the  driver  has  very  little  requirement  to 
generate  lead  eque.lization  in  regulation  tasks.  When  the  vehicle's  steering 
gain  is  in  the  best-rated  n gion  the  driver's  natural  gain  adjustment  is  also 
just  right,  i.e.,  the  vehicle  is  neither  too  sluggish  nor  too  sensitive  in  the 
amplitude  of  its  response.  The  test  driver  ratings  also  indicated  that  atten- 
tion demands,  v/orkload,  and  ease  of  imposing  control  (vehicle  responsiveness) 
factors  were  all  excellent. 

To  explore  the  sensitivity  of  the  optimum  dynamics  to  steering  ratio  varia- 
tions, the  A vehicle  vreis  used  as  the  basis  for  three  configurations,  i.e.,  one 
j.n  the  previously  determined  optimum  regions  of  steering  gain  and  the  other  two 
near  che  upper  and  lower  limits  of  acceptable  steering  ratios,  respectively. 
Thus: 

• A^  — 19:1  (the  optimum) 

• An  — ?•,:  1 

L ^ 

• A^  — 12:1 

The  other  configui*ations  were  selected  to  similarly  bound  the  "good"  region 
of  vehicle  dynamics.  Configuraoion  B represents  a lower  frequency,  medium 
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TAB' 


;JUMMARY  O!'’  VAI.IDATION  SERIK:3  VEHICLE  CONFIGURATIONS 


VEHICLE 

CONFIG- 

RATION 

STEERING 

RATIO 

NATURAL 

FREQUENCY 

oil 

DAMFDC 

RATIO 

YAW  VELOCITY 
TO  STEER  ANGLE 
TRANSFER  FUNCTION 

Kgijl/Tr) 

[tlJ  “-'l) 

STEADY-STATE 
STEERING  GAIN 

(deg/sec)/deg 

RmRKS 

B 

i9:1 

D 

0.77 

0.25 

Near  optimum, 
medium  damping 

m 

25:1 

0.77 

24(1*. 0) 
[.77}  4.5J 

0.19 

Near  optimum, 
but  low  gain 

B 

12:1 

■ 

0.77 

0.39 

Near  optimum, 
but  high  gain 

B 

17:1 

3.5 

0.75 

0.27 

Medium  frequency, 
medium  damping 

C 

9:1 

3.^ 

15.2(5.0) 
[.62}  !.9] 

0.33 

MediOT  frequency, 
low  damping 

D 

11:1 

5.8 

0.57 

JIi^-0) 
[.57}  5.8] 

0.24 

High  frequency, 
low  damping 

dati5)ing  configuration.  Configuration  C provides  a low  damping  ratio  case. 

Based  on  the  initial  tests,  B and  C should  be  near  the  boundary  of  allowable 
deviation  from  the  optimum  in  terms  of  yaw  time  constant,  undamped  natural  fre- 
quency, and  damping  ratio.  Configirration  D,  which  represents  high  frequency 
and  lew  dan^jing,  was  included  because  it  exhibited  excellent  characteristics 
in  discrete  maneuvers.  Its  1 /Tj.  and  gain  characteristics  are  near  optimum. 

Flight  male  and  eight  female  drivers  v/orc  used  for  the  val..cLation  testing. 
Ail  subjects  were  in  the  .''i-J^O  ago  group  (average  ago  >0),  had  average  driving 
exp.'rionce  { 1 v years),  good  driving  records,  and  averaged  ''0,(X)0  driving  miles 
per  year.  The  subjects,  their  .>^x,  age,  occupation  and  personal  car  are  listed 
in  Table  . 


Effects  of  Vehicle  Djmamles 

Representative  examples  of  the  effective  single-loop,  open-loop  describing 
function  '’'pOf.^y  ^re  shown  in  Figs.  II  and  IP.  These  serve  several  p'orposes. 
First,  they  iMicate  that  the  amplitude  ratio  is  close  to  the  ideal  crossover 
model  form.  Second,  they  show  that  three  typical  subjects,  one  male  and  two 


426 


1 


I 


t 


I I r 


TABLE  1+ 

SUBJECT  CHARACTERISTICS  — VALIDATION  TESTING 


1 

SUBJECT  INITIALS 
AND  LETTER  CODE 

SEX 

AGE 

OCCUPATION 

PERSONAL  CAR 

Group  I 

DS  — "C* 

F 

57 

Housewife 

*75  Chev.  Iinpala 

JR  — “D" 

F 

57 

Model 

*71  Datsun  1600 

RW  — "E" 

M 

29 

Production  Supervisor 

*66  Ford  Trucl.  with 
Camper 

Group  II 

KD  — ”F'' 

M 

26 

Mechanic 

*5^  Chev.  Pickup 
Truck 

LT  — ”G” 

F 

UO 

Housewife 

*75  Datsun  2hOZ 

SG  — •’H" 

M 

25 

Truck  Driver 

*72  Dodge  Challenger 

Group  III 

RB  — ”1" 

F 

28 

Artist^  Counselor 

*65  Buick 

JC  — "J" 

M 

5»* 

Hiotographer 

*69  Ford  T-Bird 

0 

1 

F 

57 

Production  Planner 

*70  Gremlin 

<arou^  . / 

JZ  — ”M" 

F 

25 

Housewife 

*7^*  Fiat  12U 

HH  — "N” 

M 

)+0 

Instructor 

*62  Chev.  VJagon 

JE  — "0" 

F 

27 

Housewife 

*70  Datsun  51O 

Group  V 

SH  — "p” 

M 

29 

Teacher 

*72  Mazda  Wagon 

3S  — "Q” 

F 

25 

Teacher 

'75  Chev.  Vega 

RB  — "R" 

M 

?9 

Student 

'72  Ford  Pinto 

Group  Vi 

j ...  ■ ..  . 1 

i 

GE  — "L" 

M 

26 

R and  D Technician 

Ford  Falcon 

: J 
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Figure  1 1 . Comparison  of  Test  Driver  and  Three  Typical 
Subjects  for  Configuration  A) 
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Figure  1?.  Con^jarison  of  Test  Driver  and  Three  Typical 
Subjects  for  Configuration  B 
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females,  and  the  expert  test  driver  have  very  similar  characteristics  in  this 
task.  This  is  a general  conclusion  and  not  confined  to  the  three  drivers  whose 
data  are  shown. 

That  these  results  are  typical  can  be  appreciated  from  Figs.  13  and  1^; 
which  chow  the  crossover  frequency  and  phase  margin  for  the  1 C subjects  on 
Configurations  Ap,  B,  C,  and  D.  The  test  driver's  data  points  for  these  same 
configurations  are  shown  with  ticks.  In  the  crossover  frequency  plot  the  test 
driver  and  all  l6  subjects'  data  are  remarkably  similar.  Configuration  D is 
not  included  in  this  concensus  because  the  test  driver  data  for  this  configu- 
ration were  incomplete. 


Figure  15.  System  Crossover  Frequencies  for  All  Subjects 
on  Config\irations  A , B,  C,  D 
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Figure  System  Riase  Margins  for  All  Subjects  on 

Configurations  Ap,  B,  C,  D 
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ThG  j)hacG  margin  data  in  Fig.  It  are  con3idorab3.y  lower  for  the  1*'  subjects 
than  for  the  tost  driver  except  for  the  test  driver's  one  maverick  point  at 


1 ,'Tr 


0 sec“',  v;hich  is  in  line  with  the  phase  margins  for  the  subjects. 


These  results  are  interpreted  in  terms  of  the  effective  system  latency  in 
Fig.  1‘,/.  It  appears  that  the  total  system  latency  for  the  test  driver  is 
about  0.1  sec  In?-!  than  the  mean  of  all  subjects.  Consequently,  we  can  con- 
elude  that  the  t^-st  driver  was  unusually  skilled  in  the  regixlation  maneuvers 
and  that  this  skill  is  made  manifest  in  his  lower  effective  tire  delay. 

A summary  of  driver /vehicle  response  data  for  male  and  female  subjects  is 
shown  in  Table  The  phase  margins  are  clearly  sex- independent,  while  the 
males  exhi.bit  a slightly  higher  crossover  frequency.  The  only  statistically 
significant  difference  between  male  and  female  in  the  entire  table  is  cross- 
over frequency  for  the  mediian- frequency,  low-damping  Configuration  C. 
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Figure  IS.  Effective  System  Latency  for  All  Subjects  on 
Configurations  A^',  B,  C,  D 
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TABLE  ^ 

SUMMARY  OF  DRI\^/VEiICLE  RESPONSE  DATA 
FOR  MALE  AND  FEMLE  SUBJECTS 


CROSSOVER  FREQUENCY 

PHASE 

MARGIN 

CONFIGURATION 

ojc  (ra 

d/sec ) 

TM  (deg) 

MALE 

FEMALE 

MALE 

FEMALE 

(Optimum) 

5.86±0.59 

3. 65  ± 0.55 

28  ± 12 

31  *8.7 

B 

(Medium  frequency 
and  damping) 

5.85  ±o.y^ 

3.63  iO.LU 

20  ± 12 

19  i8.7 

C 

(Medium  frequency, 
low  damping) 

L.l  ±0.2* 

3.3  ±0.23 

32±9.3 

37±li* 

D 

(High  frequency, 
low  damping) 

5.2  + 1.0 

i+.5  ± 1.2 

62  ± 16 

63  ± 16 

'Significantly  different  from  females  at  a < 0,01. 


Effects  of  Steering  Gain  Changes 
In  Regulation  Task 

The  effects  of  steering  gain  were  evaluated  between  Configurations  A],  Ap, 
and  Avj.  For  most  of  the  subjects  these  configurations  were  set  up  in  three 
separate  tost  cars.  Consequently,  the  regulation  task  (which  used  the  vari- 
able stability  and  steering,  VSS,  car)  was  not  able  to  be  done  at  each  steering 
ratio.  P'or  the  three  initial  subjects,  however,  the  VSS  car  was  used  as  a test 
vehicle  for  all  of  the  variable  gain  results.  For  these  three  we  have,  there- 
fore, a relatively  complete  story. 
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The  remaining  subjects  tested  the  normal  steering  ratio  (I'hl)  using  a 
standard  197^*  Nova  and  the  high  steering  ratio  (l2:l)  on  another  u)"  - Uo'/a 
laboratory'  vehicle  which  had  shortened  steering  knuckle  lengths.  For  all  sub- 
jects the  effects  of  steering  gain  were  evaluated  through  subjective  ratings. 
Most  subjects  preferred  the  19:1  steering  ratio,  although  three  rales  and  three 
females  showed  a preference  for  other  values.  The  test  driver  preferred  a 
higher  gain  (ll-i  steering  ratio). 

Differences  were  also  obtained  between  the  objective  driver  measures  for 
the  three  "typical"  drivers  and  the  test  driver.  It  will  be  recalled  that  the 
test  driver  readily  modified  his  own  gain  to  adapt  to  changes  in  steering  gain, 
thereby  keeping  his  crossover  frequency  and  closed-loop  characteristics  rela- 
tively constant  over  the  range  of  steering  gains  tested.  This  result  was  also 
anticipated  because  it  constitutes  a fundamental  rale  in  man 'machine  system 
theory  which,  in  turn,  is  based  upon  a lai'ge  number  of  experiments  with  well- 
trained  operators  in  a great  variety  of  controlled  elements.  This  background 
is  recalled  because  the  three  typical  drivers  in  this  series  did  not  behave  in 
this  fashion.  Instead,  as  shown  in  Fig.  i6,  the  subjects  were  not  increasing 
their  own  internal  gain  to  compensate  for  the  reduction  in  that  of  the  car.  As 
a consequence  of  the  reduced  system  crossover  frequency,  the  system  performance 
degraded.  This  is  indicated  by  the  increase  in  yawing  velocity  dispersion,  Oj., 
also  shown  in  Fig.  16. 

As  a further  comment  on  the  Fig.  16  results  it  should  be  noted  that  two  of 
the  three  subjects  were  female.  In  all  of  the  pre'/ious  man  machine  system 
experiments  in  which  controlled  element  gain  variations  have  oeen  made,  con- 
ducted by  many  different  investigators,  the  subjects  have  been  exclusively 
male  (Ref.  57).  Because  about  a third  of  the  driving  population  is  female, 
this  is  an  important  consideration  in  driver  vehicle  systems  and  this  effect 
should  be  investigated  further. 


SUMMARY  OF  CONCLUSIONS 

The  results  of  these  experiments  provide  a j.arge  number  of  Dandanental 
conslusions.  Thesj  are  presented  below  under  appropriate  headings. 


Driver  and  Driver  'Vehicle  Dynamic  Performance 

1 . In  adjustiiig  to  different  vehicle  dynamics  the  typical  and 
expert  drivers  adopted  equalisation  which  is  well  accounted 
for  by  the  crossover  model  of  manual  control  theory. 

P-.  The  typical  driver  adjustment  to  cfianges  in  steering  gain 
did  not  always  exhibit  the  expected  vehicle  gain  offset  by 
gain  changes.  This  is  at  variance  with  test  driver  and 
general  man  machine  system  results j however,  it  is  based 
on  results  of  only  three  of  the  i''  typical  drivers. 
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KigurG  1h.  Driver '^Vehicle  System  Crossover  Frequency  and  Yaw 
Velocity  Dispersion  as  a Function  of  Steering  Ratio  for 
Configuration  A,  Three  Subjects  (C,  D,  E) 
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3.  System  crossover  frequency  is: 

• The  same  as  that  of  the  test  driver  for  three 
of  the  four  vehicle  dynamic  configurations 
compared. 

• About  constant  at  3-7  rad  sec  for  three  con- 
figurations, but  higher  for  the  mediiam  fre- 
quency, low  damping  configurations. 

• Decreased  as  the  steering  sensitivity  is 
decreased  (based  on  three  subjects). 

System  phase  margin  for  the  typical  drivers: 

• Showed  two  distinct  levels  dependent  on  vehicle 
damping  ratio;  increasing  with  decreasing  damp- 
ing ratio, 

• Increased  as  1 /Tj-  increased. 

• Were  about  Vj  deg  lower  than  the  test  driver 
for  the  medium  damping  ratio  configurations. 

5.  The  effective  system  latency,  Tq,  for  the  higher  damping 
ratio  configurations  was  about  O.3  sec.  This  is  about 

0. 1  sec  slower  than  that  measured  for  the  test  driver. 

Comparisons  Between  Subjects 

1 . Male  drivers  had  slightly  higher  crossover  frequencies 
than  the  females  although  this  difference  was  statisti- 
cally significant  for  only  one  configuration. 

2.  Phase  margin  data  for  male  and  female  drivers  are  very 
close . 

Driver  Ratings 

1 . Driver  opinion  ratings  appear  highly  consistent  and 
clearly  differentiate  botweeii  regions  of  low,  moderate, 
and  high  driver  compensation  and  attention  demands. 

2.  The  rating  space  (of  gain  vs.  yaw  time  constant)  for 

f. I is  suitable  for  lower  damping  ratio  data  as  well, 

1. c.,  ^ iC.r. 

The  subjective  evaluations  appear  to  be  more  sensitive, 
in  general,  to  vehicle  configurations  than  the  detailed 
objective  factors.  Consequently,  it  can  bo  expected 
that  more  subtle  differences  in  driver  workload  and 
attentional  demands  can  be  detected  in  this  fashion 
than  can  be  demonstrated  objectively. 
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ABSTRACT 

A kinesthet Ic-tactual  display  may  be  effectively  used  as  a control  aid 
per  previous  flight  tests.  Angle-of-attack  (AOA)  Information  would  be  con- 
tinuously presented  to  a pilot,  via  this  display,  during  those  critical  operr 
tional  phases — approaches  to  landing,  takeoff  and  departures,  and  accelerated 
maneuvers— where  stalls  are  probable.  He  would  then  have  a continuous  Indica 
tion  of  aerodynamic  state,  and  thus  perform  the  necessary  control  before  a 
stall  condition  was  reached. 

A two-phase  plan  for  evaluating  this  concept  is  presented.  A first 
development  phase  would  encompass; 

a)  Display  fabrication  for  a conventional  control  yoke; 

b)  Its  Installation,  together  with  other  necessary  instrumentation, 
in  an  experimental  aircraft;  and 

c)  Preliminary  flight  testing  by  experienced  pilots. 

Upon  completion  of  sucii  a six-month  effort,  a 12-month  evaluation  phase, 
which  would  be  designed  to  determine  the  efficacy  of  the  display  aid  when  a 
pilot  is  both  distracted  and  under  stress  In  critical  f’lght  situations, 
would  be  conducted. 


INTRODUCTION 

Aerodynamic  stall/spin  accidents  are  particularly  lethal,  accounting  for 
23.5%  of  the  fatal  general  aviation  accidents  from  I967  through  I969  (1). 
Despite  NTSB  efforts  In  delineating  the  problem  and  suggesting  various  cura- 
tives, a substantial  reduction  In  the  number  of  such  accidents  remains  an 
elusive  goal.  Thus,  this  problem,  which  is  faced  by  an  ever-increasing 
number  of  small  aircraft  users,  remains  among  the  most  urgent  in  general 
aviation. 

Stall-warning  devices  I.ave  generally  involved  the  presentation  of  only 
"out-of- 1 imi t"  information,  and  necessitate  unexpected,  yet  immediate  and 


* The  efforts  reported  here  were  sponsored  by  the  Federal  Aviation  Admin- 
istration (FAA),  Contract  No  DOT-FA7^WA-35 1 5 . The  contents  contained  herein 
do  not  necessarily  reflect  FAA  policy  in  all  respects  and  it  does  not,  in 
itself,  constitute  a standard  specification  or  regulation. 
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appropriate  action  by  the  pilot.  Inappropriate  action  can  well  result  in 
times  of  heavy  task  loading  and/or  stress  because  of  a missed,  misinterpreted, 
or  disregarded  warning.  The  latter  would  be  especially  probable  when  the 
presentation  were  made  via  display  lights  and  the  pilot  were  looking  else- 
where. If  an  auditory  warning  were  employed,  it  may  be  in  competition  with 
other  intermittently  presented  auditory  signals;  e.g.,  a landing-gear  warning 
or  voice  transmissions  (2). 

Signals  conveyed  via  the  sense  of  touch,  (i.e.,  with  a tactual  signal) 
such  as  with  a "stick  shaker",  are  more  difficult  to  ignore  and  appear  more 
effective  (1).  However,  here  again  the  signal  is  either  "off"  corresponding 
to  a non-stall  condition,  or  it  is  "on"  (i.e.,  causing  the  control  column  to 
shake)  when  the  aircraft  is  cn  the  "ragged  edge"  of  stalling.  The  warning  is 
unexpectedly  presented,  and  the  pilot  must  respond  immediately  with  the 
required  corrective  control  action.  There  is  at  least  the  possibility  that 
an  incorrect  and  hazardous  response  could  result. 

If  information  pertaining  to  the  aerodynamic  state  of  an  aircraft  were 
continuously  available  in  a form  that  was  non-competitive  with  other  vital 
visual  and  auditory  information,  this  problem  may  be  substantially  reduced. 

In  view  of  the  viability  of  the  tactual  stick-shaker  approach,  continuous 
information  transmission  via  the  cutaneous  modality  would  appear  worthy  of 
further  exploration. 

An  effective  kinesthetic-tactual  display  has  been  described  (3),  that 
involves  the  natural  manipulation  of  a control  handle  with  an  embedded 
dynamic  display  to  determine  vehicular  state  information  (e.g.,  angle  of 
attack  (AOA)  of  an  aircraft).  It  consists  of  a rectangular  metal  slide 
mounted  in  the  head  of  a control  stick  (see  Figure  1),  which  is  used  to  pre- 
sent continuous  AOA  (or  more  accurately,  lift  information.  A forv.ard  pro- 
trusion of  the  servo-cont rol led  slide  corresponds  to  a larger- than-des i red 
AOA,  and  the  corrective  response  is  movement  of  the  yoke  forward  so  as  to 
decrease  the  error  and  retur.  the  slide  to  its  neutral  or  flush  position. 

The  latter  corresponds  to  achieving  the  desired  AOA.  Analogously,  an  aft 
protrusion  such  as  is  shown  in  Figure  1,  (next  page)  corresponds  to  a less- 
than-desired  AOA  and  necessitates  an  aft  corrective  control  yoke  motion.  In 
essence,  the  pilot  would  receive  information  by  feeling  the  displayed  tactual 
signal  ana  respond  by  "fol  lov'ing''  with  the  control  so  as  to  maintain  the 
des i red  AOA. 

During  a prelin>inary  inflight  study,  novice  piUts,  using  either  this 
tactual  display  or  a visual  display  of  AOA,  were  instructed  to  maintain  both 
constant  airspeed  and  altitude  while  flying  tight  turns  about  a point  (4). 
Dramatic  improvements  in  control  of  AOA,  airspeed  and  altitude  were  obtalned-- 
both  in  te»“ms  of  variance  and  maximum  deviation--  for  the  tactual  versus  the 
visua^  display  condition. 

*^his  display  appears  to  combine  a number  of  advantages: 

(a)  The  AOA  information  is  continuously  available  and  the 
problems  associated  with  a suddenly  displayed  warning 
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Figure  1.  Prototype  k i nes t he t I c- tact ua 1 display 

installed  in  an  exper inenta 1 Cessna  172. 

are  essentially  overconc. 

(b)  Pilot  reactions  are  less  ambiguous  because  the  display  notion 

is  both  located  at  the  p ;int  in  space  where  the  correcting 
action  must  be  applied  i’  i consistent  with  the  yoke 

mot i on ; 

(c)  The  'compelling''  nature  ut  tlie  display  ’'vjkes  It  dit'ticuit 
to  ignore — even  in  times  of  stress; 

(d)  Timely  and  correct  responses  are  promoted,  ak'ost  without 
conscious  thought;  and 

(e)  A pilot  can  exe^'clse  judgment  with  respect  to  Its  use. 

For  these  reasons,  this  display  would  appear  to  be  a p''i'"e  candidate- 
providing  pilots  with  sufficient,  easy- to- i nt  o rpre  t i 'V  of'"a  l I md  ‘'o-  staM 
avo  i dance . 


OPERATIONAL  IMPLEMENTATION 

The  functional  aspects  pertaining  to  an  operat  i 1 I'  pN'  vntati-n  .o 
this  displa\  are  shown  in  the  l'1(K'k  dlaqrar'^  c^f  fi'V.r-v  2.  rv  art  *i,t  i*,  . 

features  v^*'  {his  i mp  1 emcn  t a t i •'‘n: 

1 . f ' VT  t ro  I \ o k( ' and  t a c t j 1 J i s p 1 a \ b • I a n ; 

? . Ava i I ah  i 1 1 1 V ot  AOA ; 

ra  t i i^na  1 envelope; 
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4.  Sta) I warning;  and 

5.  Display  system  failure  cons i derat i ons . 

Control  yoke  and  tactual  display.  Any  practical  embodiment  must  involve 
mounting  the  display  into  existing  control  yokes.  A drawing  of  a modified 
control  yoke  is  shown  in  Figure  3 ^long  with  all  the  display  components 
which  must  be  installed  in  the  hand  grip.  Note  that  the  size  of  the  install- 
ation is  such  that  it  can  be  drilled  and  fitted  into  the  "hand-sized"  control 
yokes  used  by  most  of  the  major  aircraft  manufacturers. 


Figure  3-  Modified  yoke  with  component  orientation. 

^ The  left  hand  grTp  is  * he  obvious  choice  for  the  display  since  "side-by- 
side"  aircraft  are  designed  to  have  virtually  all  aircraft  control  with  the 
left  hand  and  levers  and  switches  controlled  by  a pilot’s  right  hand. 
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Aval  lability  of  AOA.  The  aerodynamic  information  to  be  displayed  could 
be  provided  by  various  devices  ranging  from  a i rspeed-pressure  probes  to 
ang I e-of-at tack  vanes.  Airspeed-pressure  probes,  although  currently 
installed  in  small  airplanes,  arc  not  readily  available  for  additional  use 
because  (a)  such  usage  is  precluded  by  Federal  Air  Regulations  and,  (b)  the 
cost  of  the  required  differential  pressure  - to  voltage  transducer  would 
exceed  $100  plus  installation.  Moreover,  an  airspeed  measurement  contains 
an  inherent  lag,  and  the  desired  airspeed  depends  upon  both  aircraft  config- 
uration (e.g.,  flap  setting  and  landing-gear  state)  and  aircraft  gross 
we i ght . 

Relative  wind  vane,  AOA  devices  usually  require  special  installation, 
have  different  desired  valves  for  various  aircraft  configurations  and  are 
often  insufficiently  rugged  for  common  usage. 

The  design  proposed  here  utilizes  a '‘lift"  transducer^ — a component  of 
the  Safe  Flight,  Inc.,  SC150  visual  speed-control  display  system — which  can 
be  approved  (under  a technical  standard  order)  for  use  as  a stall-warning 
device.  It  is  rugged,  characterized  by  a negligible  dynamic  lag,  and  a low 
cost.  It  can  be  installed  in  the  same  cutout  in  the  wing  as  the  stall  reed, 
which  it  can  replace.  Finally,  the  desired  value  of  its  output,  unlike  that 
from  an  airspeed  pressure  probe  or  an  AOA  vane,  is  approximately  constant 
with  respect  to  both  aircraft  configuration  and  aircraft  gross  weight. 

Ope ra t i ona 1 enve 1 ope . There  are  two  situations  when  a tactual  display 
of  AOA  would  be  inappropriate — during  ground  operations  and  while  in  cruise 
flight.  In  the  former,  the  display  would  be  protruding  ^ully  fon^ard  cor- 
responding to  a stall  condition,  while  in  the  latter  ic  \/ould  be  fully  aft 
corresponding  to  cruise  at  high  speed.  To  prevent  false  tracking  and  learn- 
ing as  well  as  hand  irritation,  the  display  should  be  deactivated  and  main- 
tained in  its  "flush"  or  neutral  position  during  such  operations. 

Consider  tue  operational  envelope  presented  in  ”)le  I,  which  is  based 
on  flight  data  obtained  from  an  OS!'  experimental  Ces^..a  172,  the  display 
would  be  enabled  up  to  95  mph,  and  it  would  be  disabled  for  speeds  greater 
than  95  mph  as  these  encompass  the  general  cruise  range  for  this  aircraft. 
From  data  obtained  during  an  approach,  flare,  touchdown  and  rollout  the 
obvious  choice  would  be  to  disable  the  display  at  the  flare,  at  about  55  niph; 
however,  the  display  would  re-enable  when  the  brakes  were  applied.  This 
possibility  can  be  eliminated  by  employing  a landing-gear,  weight  sensor  to 
provide  a disabling  signal.  W'th  this  means  for  disabling  the  display,  a 
pilot  may  touchdown  or  rotate  the  aircraft  at  whatever  speed  the  environ- 
mental situation  may  warrant.  (Table  1 next  page) 

In  essence,  the  display  would  be  enabled  during  the  critical  phases  of 
takeoff,  in  the  landing  pattern  and  in  the  subsequent  approach  to  landing. 
This  should  deter  frequently  encountered  takeoff  and  departure  staPs,  as 

I n This^  report , the  measurement  f rom  such  a transducer  is  referred  to  as 
AOA  for  convenience;  however,  it  is  not  preciselv  the  same  as  the  measure- 
ment from  a relative  wind  vane. 


445 


\ 


well  as  both  accelerated  and  approach-to- 1 and i ng  stalls. 

Stall  warn i ng . Per  Federal  Aviation  Regulations,  a clear  and  distinct 
s t a 1 1 -wa rn i ng  is  required  for  small  airplanes.  This  would  be  automat i ca 1 1 y 
incorporated  in  the  concept  advocated  here,  as  the  SC150  transducer  includes 
a prestall  switching  circuit  capable  of  energizing  a stall-warning  display. 

This  circuit  could  be  used  to  actuate  the  currently  employed  audio  and 
visual  stall-warning  displays  without  modification.  Alternatively,  other 
display  concepts  could  be  employed,  including  the  most  effective  prestall 
warning  yet  employed--the  stick  shaker  (1).  This  works  well  as  it,  by  analogy 
“previ<iws  ' an  aircraft's  aerodynamic  response--a  shaking  and  buffeting  motion- 
in  a stall.  However,  the  addition  of  a stick  shaker  is  costly  and  could  be 
an  unnecessary  expense  when  a tactual-stall  deterrent  was  employed.  The 
desired  AOA,  as  well  as  the  magnitude  and  direction  of  any  error,  are  contin- 
uously presented  via  such  a deterrent  system.  Thus,  a pilot  would  be  aware 
of  any  AOA  deviations.  In  this  context,  it  would  seen  sufficient  to  continue 
to  employ  an  audio  signal  for  stall  warning.  It  should  be  clear,  however, 
that  a stick  shaker  could  be  provided  on  an  optional  basis. 


OPERATIONAL  ENVELOPE 


Table  1 


Fa  i lure  modes . Since  an  ins  talk'd  tactual  display  would  not  alter  or 
aflect  an  aircraft's  manual  contfv^ls  or  its  C(mtrol  systems,  a display  fall 
ure  would  not  affect  the  basic  pcrformanct>  lo  be  expected  from  the  aircraft 
FurthcM',  since  the  display  wcnjld  provide  informat  i(^n  in  addition  to  that 
which  is  presently  available  (e.g.,  airspeed  fre^m  a visual  display  and  the 
required  stall  warning),  its  failure  would  simply  leave  a pilot  with  the 
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information  presently  available.^  Thus,  a display  failure  should  lead  to  no 
serious  consequences. 

If,  after  the  evaluation  testing,  it  were  considered  desirable  to  have  an 
absolutely  positive  failure  indication,  one  could  employ  a conf i gurat ion  such 
as  that  sketch  in  Figure  4.  This  configuration  v^ould  be  designed  to  meet  two 


Figure  4.  Failure  indication  concept. 


criteria: 

(a)  To  indicate  system  failure  positively;  and 

(b)  To  prevent  false  control  action  arising  from  a 
potentially  misinterpreted  displayed  signal. 

In  the  event  of  a failure,  a section  of  the  grip  would  be  moved  out  as  shown 
so  as  to  block  a pilot's  manipulat ion  of  the  display  slide,  and  prevent  him 
from  following  any  i nappropr i ate  1 y displayed  signal.  Unfortunately,  this  or 
similar  configurations  would  result  in  additional  display/control  yoke  com- 
plexity and  a substantially  higher  cost. 

In  any  event,  a display  failure  would  not  interfere  with  any  of  a pilot's 
normal  control  actions,  and  it  would  avoid  the  potential  hazards  associated 
with  any  system  integrated  into  or  overriding  toe  aircraft's  flight  controls, 

^ NoU^  that  neither  the  airspeed  indicator  nor  the  stall  \/arning  have  built- 
in  failure  indications. 
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FLIGHT  TESTING 

A two-phase  inflight  study  of  the  tactual  sta I 1 -deterrent  concept  is 
planned.  Hereafter,  these  phases  will  be  referred  to  as  tne  development  phase 
and  the  evaluation  phase. 

Deve 1 opment  phase.  After,  the  mechanical  and  electronic  portions  of  the 
display  are  fabricated,  and  installed  in  an  experimental  aircraft,  prel iminary 
flight  testing  will  be  conducted  to: 

(1)  Insure  that  the  designed  display  is  satisfactory  under 
f I ight  condit ions; 

(2)  Adjust  the  display  parameters  for  both  effective 
tracking  and  general  pilot  satisfaction;  and 

(3)  Adjust  threshold  circjits  for  stall  warning  and  display 
enablement  and  disablement* 

The  flight  tests  will  be  conducted  by  certified  flight  instructors  to  eval- 
uate display  performance  in  both  normal  and  abnormal  flight  situations;  gust 
loading,  accelerated  and  out-of-coord i nat ion  maneuvers,  and  flight  regimes 
wherein  it  will  be  necessary  for  a pilot  to  use  both  power  and  yoke  control  to 
correct  AOA  errors.  Human  factors  considerations  will  also  be  assessed,  such 
as  minimum  tactual  display  displacement  thresholds  required  for  detection  and 
control,  the  effects  of  cold  and  perspiring  hands,  the  effects  of  gloves  worn 
while  flying  with  the  tactual  display,  and  the  effects  of  vibration  and  con- 
trol pressures  induced  by  the  aircraft. 

Evaluation  phase--psyc ho  logical  aspects.  The  evaluation  phase  is  de- 
signed to  obtain  answers  to  certain  critical  questions  relating  to  the  in- 
flight effectiveness  of  the  tactual  stall  deterrent.  For  example,  it  is 
generally  believed  that  a stall/spin  results  from  a pilot  either  being  dis- 
tracted from  h?s  primary  task  of  flying  or  being  under  such  ‘Stress  that  he 
doesn't  notice  a developing  critical  flight  situation.  In  addition,  the  pos- 
sibility of  a display  dependency  must  be  considered;  i.e.,  would  a pilot 
become  so  dependent  on  this  aid  that  effective  flight  control  would  be 
degraded  if  it  fai led, 

D i St  ract  ions  . In  order  to  dcte«*mine  the  effects  of  distraction,  the 
pilot  subject  will  bo  "tas'<- loaded"  with  additional  duties.  For  the  inflight 
situation,  an  auditory  jne  iC'"y  task  would  he  both  effective  and  valid  for 
the  following  reasons:  first,  if  .memory  performance  were  degraded  while  the 

pi  let  was  flying  with  either  display  condition,  then  it  is  probable  that  one 
display  condition  was  more  demanding  than  the  other;  second,  as  increased 
loading  on  the  pilot  would  be  posed  by  the  auditory  task,  one  would  expect 
that  control  would  be  nx>rc  degraded  with  the  more  difficult  of  the  two  uis- 
play  c nditions.  Finally,  an  auditory  task  requiring  memory  is  analogous  to 
an  inflight  s i tuat  ion--operat  ion  in  the  traffic  pattern.  At  t r-cont  1 1 cd 
airports,  pilots  arc  required  to  both  listen,  remember  and  do  sene  simple 
probh'm  solving  while  flyino  in  the  pattern.  Many  pilots  refer  to  such  flyinq 
with  trepidation  calling  \t  highly  taxing  of  their  skills  as  well  as  intro- 
ducing considerable  stress. 
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Two  important  measures  of  pilot  performance  can  be  obtained.  First,  an 
objective  measure  of  AOA  variance--a  clear  indication  of  a pilot's  control. 
Second,  an  objective  measure  of  "residual"  attention  can  be  obtained  via  an 
analysis  of  the  auditory  task. 

St  ress . Elements  of  stress  (strain)  can  be  introduced  in  "lov/-time" 
pilots  by  their  Just  being  in  a touch-and-go  pattern.  However,  this  level  of 
stress  would  probably  not  be  as  great  as  that  which  is  hypothetically  present 
during  some  periods  of  excessive  control  errors.  The  "desired"  level  could 
be  reached  by  unexpectedly  instructing  a pilot  planning  a touch-an-go  to 
terminate  the  approach  with  a "go-around." 

In  practice,  the  latter  results  in  a number  of  stall/spin  accidents  each 
year,  and  it  is  widely  believed  to  be  a high-stress  event.  Thus,  its  inclu- 
sion in  the  experimental  protocol  has  the  advantage  of  both  inducing  stress 
and  face  validity  with  actual  events.  Since  performance  of  the  auditory 
memory  task  would  also  be  required,  sufficient  di.>crac.  ions  and  stress  effects 
should  be  present. 

Dependency.  The  final  aspect  of  the  evaluation  would  be  concerned  with 
the  potential  depe*'dency  of  a pil^t  on  the  tactual  display-especial  ly  if  it 
were  to  result  in  superior  control.  Since  t e goal  is  to  provide  effective 
3'd  to  a pilot,  in  a manner  somewhat  analogous  to  that  of  a fliqht  director, 
ir  is  highly  undesirable  that  a pilot  become  exclusively  dependent  on  the 
aid  for  control  information.^ 

One  potentially  effective  test  for  such  dependency  would  be  as  follows: 

A pilot  would  be  instructed  to  execute  a sequence  of  approaches 
to  landing,  first  using  only  visual  and  then  only  tactual  (or 
vice-versa)  AOA  information.  He  would  be  told  apriori  that  a 
failure  would  be  instigated  at  some  unannounced  time  with  each 
display  condition.  He  v;ouId  be  required  to  respond  by  first 
requesting  the  use  of  indicated  airspeed  and,  then  with  air- 
speed cues  only,  to  continue  the  approach  to  landing. 

There  arc  two  critical  aspects  to  such  a failur'' — these  are 
detection  by  the  pilot  and  his  subsequent  control.  One 
measure  of  the  former  would  be  the  delay  time  for  detection. 

Addi  ionally,  if  detection  time  were  excessive,  one  would 
expect  that  substantial  control  errors  would  result  and  that 
a positive  failure  indicator,  such  as  is  shown  in  Figure  4 
would  be  required. 

If  degraded  performance  were  obtained  after  detection  with  the 

This  Ts"]  no  doubt,  a Tow  probability  circumstance  in  view  of  thj  varied 
visual,  auditory  and  kinesthetic  cues  that  a oilot  also  uses  to  sense  speed 
and  attitude  information.  Nevertheless,  this  possibility  must  be  considered 
during  the  evaluation  phase. 
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use  of  airspeed,  as  compared  to  that  obtained  in  prior 
"normal"  tests  with  airspeed  alone,  one  would  suspect  that 
a dependency  problem  may  exist.  One  solution  would  be 
improved  performance  from  additional  training  in  which 
failures  were  induced  and  subsequent  aircraft  control 
depended  on  airspeed  indications  only. 

The  major  portion  of  the  evaluation  effort  will  be  devoted  to  testing 
"low-time"  pilots  during  takeoffs  and  departures,  approaches  to  landings,  and 
"qo-arounds" . A detailed  protocol  is  included  in  Reference  (5).  Some  test 
subjects,  however,  will  also  include  flight  instructors.  The  goal  will  be  to 
obtain  a measure  of  an  experienced  pilot's  need  for  a stall  deterrent.  This 
would  be  especially  helpful  if  it  were  related  both  to  an  aircraft  with  which 
a pilot  was  familiar  and  one  with  which  he  was  unfamiliar. 


CONCLUSIONS 

Per  previous  efforts,  (4)  it  appears  that  the  effective  use  of  a tactual 
display  will  result  in  more  precise  control  of  an  aircraft — part icular i ly 
when  a pilot's  visual  attention  is  reqi;ired  outside  the  cockpit.  When  a 
kinesthetic-tactual  display,  such  as  that  discussed  here,  is  employed  as  a 
stall  deterrent,  it  is  anticipated  that  an  increased  level  of  safety  would  be 
achieved  due  to  enhanced  pilot  awareness  of  his  aircraft's  state — especially 
che  development  of  near-stall  conditions.  With  the  experimental  protocol  that 
has  been  developed  (5),  abundant  evidence,  either  positive  or  negative  jnould 
be  obtained  to  test  the  validity  of  this  conjecture. 
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ABSTRACT 


Three  different  simulated  ATC  distributed -management  systems  were 
presented  to  three  groups  of  three  pilots  and  two  controllers  per  group  in 
order  to  investigate  the  effects  of  alternative  traffic  management  possibil- 
ities on  task  performance  and  pilot-controller  verbal  workloads.  The  ba- 
sic task  required  three  piloted  simulated  STOL  craft  to  merge  between  two 
computer -generated  CTOL  separated  by  approximately  5nm  on  a final  run- 
way approach. 

Two  new  rule  structures  - sequencing  and  advisory  - in  addition  to 
vectoring  were  studied  in  conjunction  with  CRT  pilot  displays  incorporating 
Traffic  Situation  Displays  with  and  without  aircraft  flight  path  predictors. 
The  sequencing  and  advisory  systems  gave  increasing  control  responsibility 
to  the  pilots. 

Flight  performance  data,  subjective  evaluations  and  verbal  data  were 
analyzed  in  terms  of  four  planned  comparisons.  In  general,  the  nonvector- 
ing alternatives  were  superior  to  vectoring,  particularly  in  terms  of  re- 
duced verbal  workload.  The  verbal  data  were  analyzed  under  several  for- 
mats of  successive  detail  ranging  from  raw  word  counts  to  message  type 
categorizations.  The  influence  of  flight  path  predictors  on  verbal  workload 
was  also  studied. 


It  was  concluded  that  distributed -management  systems  could  in  piac- 
tice  significantly  reduce  controller  verbal  workload  without  reducing  system 
performance.  Implications  of  this  conclusion  suggest  that  distributed -man- 
agement would  allow  controllers  to  handle  a larger  volume  of  traffic  safely 
either  as  a normal  operating  procedure  or  as  a failure  mode  alternative  in 
a highly  automated  ground  centered  system. 
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INTRODUCTION 


A series  experiments  have  been  performed  in  the  Man-Machine  In- 
tegration Branch  at  NASA -Ames  Research  Center  comparing  distributed  pi- 
lot-controller management  systems  to  the  more  traditional  ground -based 
vectoring  philosophy  of  traffic  management.  These  studies  were  made  as 
part  of  a general  program  evaluating  the  possible  impact  and  potentialities 
of  various  existing  and  state-of-the-art  equipments  and  information  available 
to  controllers  and  pilots  on  air  traffic  management. 

The  experimental  context  w-as  the  degree  of  traffic  management  dis- 
tribution between  pilots  and  controllers  made  possible  primarily  by  traffic 
situation  displays  in  each  aircraft.  The  experimental  simulations  incor- 
porated as  much  realism  as  possible  by  using  professional  pilots  and  con- 
trollers, ground-based  piloted  simulators,  air-air  and  air-ground  informa- 
tion exchange.  The  experiments  explored  three  different  alternatives  of 
traffic  management  distribution  for  simulated  terminal  approach  control  and 
tlie  data  were  analyzed  to  determine  the  relative  standing  of  each  alternative 
on  a number  of  measures  such  as  safety,  orderliness,  efficiency,  manual 
and  verbal  workloads,  etc. 


Analyses  of  flight  performance  measures,  subiective  evaluations  and 

limited  verbal  data  have  been  made  and  reported  previously^^^' It  is 
the  purpose  of  this  paper  to  report  the  results  of  the  verbal  communication 
data  analyses  in  order  to  examine  and  compare  the  verbal  workloads  of  pi- 
lots and  controllers  in  the  distributed  management  systems.  It  was  a maj- 
or hypothesis  that  distributed  management  could  reduce  the  necessary  ver- 
bal communication  between  pilots  and  controllers  thereby  reducing  a major 

part  of  the  controller  workload^ without  an  equivalent  increase  in  pilot  ver- 
bal workload.  A more  extensive  analysis  of  the  verbal  data  can  be  found  in 
Reference  4.  The  verbal  data  were  also  analyzed  in  a manner  that  could 
determine  the  impact  of  tactical  flight  path  predictors  on  the  verbal  work- 
load of  pilots  and  controllers.  Fine  grained  analyses  were  performed  in  an 
attempt  to  uncover  traffic  information  verbally  communicated  in  the  experi- 
ments which  could  be  instrumented  and  furnished  to  the  pilots  to  reduce  ver- 
bal workload. 


The  basic  question  of  this  paper  is  the  extent  to  which  alternative  ATC 
traffic  management  configurations  (sequencing  and  advisory)  differ  from  the 
traditional  vectoring  one  in  terms  of  the  verbal  workload  of  pilots  and 
controllers. 
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Previous  analyses  of  flight  performance  measures  and  subjective  eval- 
uations indicated  the  nonvectoring  conditions  were  generally  at  least  as  good 

* . (1),(2) 

as  vectoring  il  not  superior 


METHOD 


Both  the  three  divisions  of  responsibility  and  the  task  used  in  the  ex- 
periments were  evolved  from  discussions  with  pilots  and  controllers  in  the 
San  Francisco  area  in  order  to  provide  realistic  simulations  within  the  con- 
fines of  the  equipment  and  the  experimental  nature  of  the  investigations. 

1.  Distributed  Management  Alternatives 

Three  divisions  of  responsibility  - Vectoring  (v),  Sequencing  (s)  and 
Advisory  (A)  and  four  different  pilot  CRT  traffic  situation  map  displays 
were  combined  to  produce  the  seven  experimental  conditions  shown  in 
Figure  1. 


l-'iguri'  1.  Divisions  of  Responsibility  and  l^ilot  Map  Displays 
Used  in  The  ’reaffie  Management  Simulations. 

The  Ihi-ee  divisions  of  fi'sponsibility  correspond  to  ground  centralized  (Vec- 
toring), air  centralized  (Advisory)  and  a moderate  division  (Sequencing)  in 
which  controllerj  were  responsible  only  for  issuing  sequencing  (order  of 
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landing)  commands.  Thus  two  extreme  versions  of  management  distribution 
and  a more  balanced  version  (sequencing)  were  stuaied.  Pilot  traffic  situa- 
tion displays  (a  map  type)  either  showed  only  tlieir  own  A/C  (used  only  for 
vectoring)  or  all  A/C  in  the  problem.  30  second  tactical  path  predictors  of 
the  A/C  were  displayed  as  ground  track  predictions  on  the  pilots'  traffic  dis- 
play in  some  conditions.  The  display  effects  of  no  predictors,  predictor  on 
own  A/C  only  and  predictors  on  all  A/C  were  studied  as  part  of  the  experi- 
mental paradigm.  The  Vectoring  mode  required  controllers  to  vector  each 
A/C  as  usual  while  in  the  Advisory  mode,  controllers  were  to  refrain  from 
anything  interpretable  as  a command  allowing  the  three  pilots  full  control  re- 
sponsibility for  solving  the  tra^’fic  problem. 

2.  Task 

The  basic  task  required  that  the  three  piloted  A/C  simulators  consid- 
ered to  be  of  the  STOL  variety  be  inserted  'between''  two  scheduled  com- 
puter generated  CTOL  A/C  which  were  on  a final  3°  approach.  The  STOLS 
started  at  3000 ' with  instructions  to  fly  a 6°  descent  on  the  ILS  with  the  task 
terminated  for  each  A/C  as  it  crossed  the  middle  marker.  Figure  2 shows 
a map  like  projection  of  the  A/C  at  the  problem  start  and  a view  of  a pilot's 
CRT  display  during  a test  with  an  all  A/C  traffic  situation  display  beneath 
the  CRT  vertical  situation  display.  Each  A/C  has  a predictor  displayed  al- 
though it  is  not  apparent  in  this  figure. 


L J I 

Figure  2.  Ground  Projection  of  the  Task  and  a Pilot's  CRT 


Display  in  a Non  Vectoring  Condition  During  a Trial. 


458 


A minimum  of  30  sec.  spacing  crossing  the  middle  marker  (or  1 nm 
depending  on  the  problem  conditions)  and  a crossing  speed  of  120  KTS  were 
s,’'ecified  as  basic  conditions  in  addition  to  other  instructions.  Initial  head- 
ing, speeds  and  positions  for  the  STOLS  were  randomized  within  constraints 
to  allow  a problem  solution.  A complete  description  of  the  task,  instruc- 
tions, displays  etc.  has  been  described  previously^  ^ 

3.  Verbal  Measures 

The  verbal  intercommunications  between  pilots  and  between  pilots  and 
controllers  were  tape  recorded  for  each  experimental  run.  Each  run  lasted 
approximately  5 minutes.  There  were  trie  seven  conditions  shown  in  Figure 
1 with  four  trials  per  run  (not  including  practice  runs)  and  three  independent 
groups  of  pilots  and  controllers.  Thus,  approximately  seven  hours  of  ver- 
bal data  were  recorded  and  analyzed. 

The  verbal  data  were  first  transcribed  verbatim  on  to  hard  copy  with 
the  spcaker(s)  identified  in  every  case  and  this  copy  was  the  basis  for  fur- 
ther reduction.  Two  basic  types  of  analyses  were  made,  a dynamic  analy- 
sis of  undifferentiated  total  word  count  per  unit  time  which  is  useful  in  fol- 
lowing the  temporal  pattern  of  verbal  workload  and  a static  analysis  of  the 
undifferentiated  and  categorized  verbal  data.  Each  analysis  will  be  discus- 
sed in  the  appropriate  section.  Reference  4,  can  be  consulted  for  a compre- 
hensive discussion  of  the  development  and  details  of  the  verbal  analysis 
methodology,  comparisons  with  preexisting  methods  and  the  formulation  of 
the  basic  task  as  a small  group  problem.  This  paper  presents  selected  re- 
mits from  that  reference. 


RESULTS 


Th(.'  results  of  the  verbal  data  analyses  are  presented  in  this  section 
in  tw'>  major  categories  displaying  selected  dynamic  and  static  features. 

1 vr.amic  Analyses  of  the  Verbal  Data 

. dynamic  analyses  of  the  verbal  data  are  straightforwarci  compila- 
tions Kji  the  number  of  words  spoken  per  30  second  interval  as  determined 
by  word  counts  made  from  the  transcriptions  which  also  had  temporal  mar- 
kers where  indicated  from  the  original  tape  recordings.  Data  from  all  3 
groups  are  averaged  and  plotted  against  cumulative  word  count.  The 
graphs  permit  the  initial  word  rate  and  final  word  count  to  be  seen  fiirectly. 
The  ordering  of  each  condition  is  indicati'd  along  the  appropriate  axes. 
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The  most  obvious  feature  of  the  graphs  is  the  large  differeaee  in  con- 
troller word  rates  for  the  vectoring  condition  as  opposed  to  the  sequencing 
and  advisory  conditions.  I'^or  example,  the  single  controller  began  the  vec- 
toring runs  speaking  at  a rate  of  nearly  one  and  one -half  words  per  second 
for  the  first  half  minute  to  vector  the  three  simulators  and  finished  the  run 
with  a total  of  nearly  250  words.  Both  the  initial  word  rate  and  cumulative 
word  count  decrease  sharply  for  the  controllers  as  their  responsibility  de- 
creases in  the  system  from  vectoring  to  sequencing  to  advisv^ry  modes  of 
distributed  management.  There  is  an  indication  that  the  sequencing  condi- 
tion in  which  no  path  predictors  were  displayed  for  the  pilots  had  an  initial 
controller  verbal  workload  which  was  comparable  to  the  vectoring  condition. 

The  pilot  data  show  that  the  initial  word  rates  for  the  pilots  as  a group 
were  essentially  the  same  for  vectoring  and  sequencing  but  slightly  higher 
for  the  advisory  conditions.  The  pilot  cumulative  word  rate  is  highest  for 
the  advisory  and  vectoring  condition  and  lowest  for  the  sequencing  condition. 
Thus,  while  the  controller  workload  decreases  as  pilot  responsibility  in- 
creases, the  pilots'  workload  increases  as  the  responsibility  moves  away 
from  a balanced  distribution  of  management  (sequencing).  However,  it 
should  be  remembered  that  the  pilot  verbal  data  shown  is  the  sum  total  of 
each  single  pilot's  data.  The  per  pilot  data  could  be  considered  as  1/3  of 
that  shown.  Thus,  even  in  the  highest  verbal  workload  condition,  any  given 
pilot  had  approximately  a 15  word  per  30  sec.  rate  at  the  beginning  of  the 
advisory  condition  and  would  have  spoken  about  50  words  over  the  total  5 
minute  period  of  the  run.  This  should  be  compared  to  the  single  controller 
speaking  at  a rate  of  50  words  per  30  seconds  at  the  beginning  of  the  vector- 
ing condition  and  speaking  nearly  250  words  ov  the  period  of  the  run. 

The  total  system  word  rate  shown  in  Figure  3 indicates  the  large  dif- 
ference between  the  vectoring  and  nonvectoring  conditions,  particularly  in 
terms  of  Uie  total  words  spoken.  'I'he  similarity  of  the  initial  word  rates 
indicates  that  a certain  amount  of  initial  information  must  be  communicated 
while  the  spread  in  final  word  count  between  vectoring  and  nonvectoring  con- 
ditions indicates  that  tlie  vectoring  condition  is  not  conducive  to  the  most  ef- 
ficient transfer  of  this  information.  Certainly  it  would  seem  that  the  initial 
word  rate  is  limited  in  the  vectoring  condition  since  45  words  per  30  seconds 
is  a very  rapid  speech  rate.  The  tendency  of  the  controller  word  rate  to 
remain  high  whereas  it  fulls  rapidly  for  nonvectoring  condition  is  a reflec- 
tion of  th('  fact  that  the  ground  centralizi'd  system  can  not  take  advantage  of 
till-  strong  self-organi/.ing  ability  inlu'rent  in  tlie  pilot  system  with  traffic 
situation  displays  and  must,  therefori',  continue  close  communicatic  i for 
cwrreetion  and  direction  of  the  individual  A/C. 

Si'veral  secondary  features  of  tlie  data  e.  n be  noticed  which  may  be 
task  spei'ifK'.  'I'he  word  rates  invariably  drop  from  their  initial  value  prior 
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to  rising  again  for  all  seven  conditions  except  foi*  an  isolated  case  of  sequen- 
cing-own predictor  (SO)  pilot  communication.  This  initial  decrease  must 
reflect  the  ability  of  the  system  to  proceed  "open-loop"  for  a short  time  fol- 
lowing initial  communication  of  plans  and  intents.  The  final  word  rates  are 
relatively  constant  regardless  of  condition  which  again  suggests  some  nec- 
essary amount  of  final  information  or  sta  lard  communication.  The  sequen- 
cing-no predictor  (SN)  condition  produced  the  same  average  initial  word  rate 
from  the  controllers  as  did  vectoring.  In  principle,  tne  three  sequencing 
conditions  should  have  produced  the  same  word  rate  from  the  controllers 
since  no  predictors  were  visible  to  them  although  they  knew  of  their  pres- 
ence or  absence  from  the  pilots'  displays.  This  higher  than  necessary 
word  rate  for  SN  might  be  attributable  to  lack  of  controller  "assurance" 
that  pilots  had  sufficient  traffic  information  resulting  in  more  volunteered 
controller  information.  It  is  likely  that  more  extended  operation  in  this 
condition  would  produce  similar  controUur  results  for  all  the  three  sequen- 
cing conditions  as  it  did  for  the  three  advisory  conditions. 

Alt'-  gh  pilot  initial  word  ra+es  were  the  same  for  vectoring  and  se- 
quencing lilions,  the  final  word  count  for  vectoring  was  higher  than  for 
sequencing  lich  is  clearly  attributable  to  the  fairly  constant  rate  of  pilot 
replies  in  v -ctoring  during  the  course  of  the  run. 

Figure  4 shows  the  previous  data  averaged  across  conditions  elimin- 
ating the  predictor  variable  to  compare  the  three  ATC  systems,  and  aver- 
aged across  sequencing-advisory  conditions  to  compare  vectoring-nonvec- 
toring conditions.  This  figure  may  be  regarded  as  a summary  of  the  pre- 
ceeding  one  with  any  possible  predictor  display  effects  suppressed. 


ti  t »*i. «r Si > 


PILOT  VFURAL  WOKKLOAl)  CONTROLLER  VERHAL  WORKLOAD 

Figure  4.  Word  Rate  - vs  - Cumulative  Word  Count  h'or  the  Hasic- 

A'i'C  Systems.  1 ilot  and  Controller  Data  are  shown 
separately. 
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The  presence  of  path  predictors  on  the  pilots'  displays  did  not  appear 
to  have  any  strong  consistent  effect.  However,  the  data  in  Figure  3 sug- 
gests that  the  all  predictor  conditions  (SA,AA)  require  less  total  pilot  words 
and  this  was  a consistent  effect  for  all  three  groups  except  in  one  instance 
(Group  I,  Advisory).  No  such  consistent  effect  was  found  for  controllers 
group-by-group  even  though  the  effect  averaged  over  groups  in  Figure  3 
suggests  that  total  controller  word  count  decreases  in  the  order  of  addition- 
al traffic  information  made  available  through  path  predictors  on  the  pilot 
displays.  This  is  a reasonable  but  not  statistically  defendable  result  at  this 
point. 


Since  the  task  was  successfully  accomplished  under  all  conditions,  it 
appears  that  vectoring  requires  nearly  twice  as  many  words  as  necessary  in 
the  total  system  and  from  3 to  5 times  as  many  controller  words  based  upon 
the  minimum  word  counts  among  the  seven  conditions.  Pilot  total  words 
are  not  increased  significantly  in  nonvectoring  conditions  being  slightly  high- 
er in  the  advisory  conditions  for  which  their  higher  initial  group  word  rate 
could  be  an  objection.  However,  on  a per  pilot  basis,  the  individual  word 
count  and  word  rate  is  approximately  1/3  of  that  indicated. 

Since  total  pilot  word  rate  curves  are  about  the  same  for  the  seven 
conditions,  the  composition  (content)  of  the  communication  must  be  changing 
and  this  is  detailed  in  the  following  sections. 

2.  Static  Analyses  of  the  t'erbal  Data 

Analyses  of  the  total  word  count  and  of  the  total  message  cou.its  were 
also  made.  Although  these  suppress  the  dynamic  features  of  communica- 
tion they  provide  reasonable  comparisons  of  the  total  verbal  workloads. 

The  simplest  analyses  of  the  message  types  are  based  on  the  mutually 
exclusive  identification  of  each  message  os  a directed  initiation  (I),  a dir- 
ected response  (R)  in  reply  to  a directed  message  and  finally  a nondirected 
general  (G)  announcement  (e.  g.  "rumber  3 is  reducing  to  160").  Figure  5 
shows  the  average  number  of  messages  in  each  category  per  5 minute  run 
to  compare  their  absolute  values  and  also  shows  the  same  data  categories 
as  a percentage  of  the  total  message  to  compare  their  volumetric  size. 

Clearly  vectoring  was  nearly  twice  as  message  intensive  as  the  non- 
vectoring  conditions  with  a 50-50  split  between  pilot  and  controller  mess- 
age which  IS  reasonable  considering  the  pilot  acknowledgment  of  controller 
commands  in  vectoring.  it  s.bould  be  remembered  that  messages  are  the 
basic  units  of  analyses  here  and  not  words  as  in  the  previous  section. 
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( )l(  1 ■ ( ) INITIAfES  DIRECTED  MESSAGE  TO  C ) 

e.  g Pic  • PILOT  MTIATES  MESSAGE  TO  CONTROLLER 
( )R[)  •(  ) RESPONDS  TO  MESSAGE  FROM  Cl 

e.  g.  CRp  CONTROLLER  RESPONDS  TO  MSG  FROM  PILOT 
( >G  • ( ) MAKES  NONDIRECTED  GENERAL  ANNOUNCEMENT 


Cl  CR  C© 


CONDITIONS  CONDITIONS 


Figure  5.  Average  Number  of  Messages  per  Run  and 
Their  Percentage  Distribution  for  Each  of 
the  Seven  Experimental  Conditions. 

As  the  controller  initiations  decreased,  their  share  in  the  total  com- 
munication decreased  along  with  the  pilot's  replies  to  controllers,  which 
would  be  expected.  On  the  other  hand,  the  pilot-to-controller  reply  de- 
crease was  approximately  balanced  by  an  increase  in  the  pilot-general  an- 
nouncement (usually  an  announcement  of  intent  or  action).  Furthermore, 
the  more  air -centralized  the  distribution  of  management,  the  greater  the 
percentage  of  pilot  general  messages.  The  analysis  could  not  reveal  for 
whom  general  announcements  were  indicated.  However,  the  specific 
amount  of  pilot-to-pilot  initiations  (Pip)  is  fairly  small  on  both  an  absolute 
and  relative  basis  although  directed  air-to-air  initiations  and  replies  togeth- 
er consititute  approximately  25%  of  the  pilots'  total  messages  in  the  nonvec- 
toring conditions. 

I•’igure  ()  presents  the  message  data  relative  to  total  pilot  messages 
and  total  controller  messages  to  assess  the  changing  nature  of  the  total  mes- 
sage V. orkload  content  for  air  and  ground  separately  as  the  distribution  of 
management  shifts. 

Controller  initiation  content  decreases  as  th<dr  responsibility  decruHes. 
This  decrease  in  initiation  content  is  ooposed  by  an  increase  in  the  percen- 
tage of  general  announcements.  The  controllers'  contribution  to  the  total 
system  messages  is  approximately  25%.  ‘o  40%  for  advisory  and  sequencing 
conditions. 
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Figure  6.  Average  Number  of  Pilot  and  Controller  Messages 

Per  Run  in  Each  of  the  Seven  Experimental  Conditions. 
Message  Type  Expressed  as  Percentage  of  All 
Messages. 

Figure  5 suggests  that  although  no  clear  distinction  exists  between 
predictor-no  predictor  conditions,  the  total  number  of  pilot  messages  and 
total  system  messages  was  least  in  the  all  predictor  conditions  (SA,  AA). 
This  was  a consistent  effect  for  each  group  as  well  as  for  the  average  data 
shown.  These  differences  appear  to  be  attributable  to  the  smaller  control - 
ler-to-pilot  initiations  and  pilot-to-controller  replies  in  the  all  predictor 
cases.  As  mentioned  previously,  controllers  were  aware  of  the  predictor 
clement  condition  (none,  own,  all)  of  the  pilots'  displays  during  each  run  and 
therefore  they  may  have  felt  more  "assured"  by  the  all  predictors  condition 
that  the  pilots  had  information  of  other  A/C  flight  intentions. 

I''igure  7 is  present('d  to  compare  the  general  structures  of  air-air 
and  air -ground  communication  patterns  in  the  vectoring  and  nonvectoring 
conditions.  Data  from  all  six  nonvectoring  conditions  were  averaged  for 
the  single  nonvectoring  structure.  Comparisons  are  made  on  the  basis  of 
total  word  rate  for  air-ground,  ground-air  and  air-air  exchanges. 

The  individual  A/C  are  arranged  clockwise  in  the  order  of  their  actual 
final  landing  sequence  without  respect  to  their  starting  configurations. 
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Figure  7.  Schematic  Reprcjentation  of  the  Communication 
Patterns  in  the  Vectoring  and  Six  Averaged  Non- 
vectoring Conditions.  Numbers  I.,  'icate  Total 
Word  Count  Per  Run  for  Each  of  the  o Groups 
and  Their  Grand  Average. 


Thus,  each  successive  A/C  in  sequence  could  communicate  longer  than  the 
proceeding  one.  The  numbers  adjacent  to  the  arrows  represent  average 
word  counts  for  that  link  for  the  three  groups.  Values  in  parentheses  indi- 
cate the  individual  group  values.  The  width  of  the  arrows  is  proportional 
to  the  associated  mean  word  count.  This  figure  reinforces  previous  state- 
ments that  inter  air-ground  communication  was  less  in  the  nonvectoring 
case  but  was  somewhat  compensated  by  the  nonvectoring  increase  in  air -air 
and  pilot-general  communication.  The  vectoring  pattern  shows  quite  clear- 
ly that  the  longer  the  A/C  is  in  the  problem  the  greater  are  the  number  oi 
total  air-ground  words  exchanged.  On  the  other  hand,  this  was  not  true 
for  the  nonvectoring  case  on  the  average  even  though,  as  in  the  vectoring 
case,  the  third  A/C  could  communicate  with  controller  an  average  of  71  sec- 
onds longer  than  the  firsi  A/C  in  final  sequence.  The  pilot-general  an- 
nouncements decreased  as  their  final  sequence  position  decreased  as  well. 
'I'his  may  be  a type  of  "follow -the-leader"  benavior  in  which  succe.ssive 
A/C  in  the  final  sequence  have  respectively  less  "broadcast"  announcements 
to  make. 

It  was  also  observed  that  communic  ation  was  greater  bi'tween  A/C  in 
dii-ect  sequence  than  betwec.-n  A/C  si?parated  by  a third  A/C.  A corollary 
of  this  observation  for  A/C  in  sequence  is  that  the  "center"  A/C,‘  would  tend 
to  communicate  more  than  those  on  the  ends.  Anecdotal  observations  dur- 
ing the  course  of  experiments  indicated  that  sequence  order  in  the  nonvei  - 


466 


I 


toring  conditions  was  established  early  in  the  problem. 

As  a final  observation  it  should  be  noted  that  there  appear  to  be  con- 
siderable difference  between  the  individu.al  group  data  in  some  instances  in- 
dicating different  styles  of  interactive  problem  solving,  "^he  analyses  to 
follow  which  treat  the  data  under  4 planned  comparisons  and  categorize  the 
verbal  data  at  a finer  level  will  also  present  individual  group  data. 

3.  Planned  Comparisons  of  the  Verbal  Data 

The  verbal  data  flight  measures  and  s'  jjective  evaluations  were  ana- 
lyzed following  the  4 planned  comparisons  of  vectoring-nonvectoring(VE,NV>, 
Sequencing -Advisory,  (SE,AD),  no  predictors -predictors,  (NP,  PR),  and 
own  predictors -all  predictors  (OP,  AP).  Portions  of  the  verbal  data  analy- 
ses only  will  be  given  here.  More  complete  results  for  all  the  analyses 
can  be  found  in  references  2 and  4. 

Figure  3 compare.,  the  mean  word  count  for  pilots  and  controllers  sep- 
arately and  together  under  the  planned  comparisons.  The  mutually  exclu- 
sive categories  of  statements,  questions  and  replies  are  also  given. 


I A 't  AJI  n*  *A  \ W VI  S\  SJ  \J*  PH  op  AJ’  \1  V\  SI  All  NT  PH  I'T  AP 


• (m-IHtilUK,-’  IOI-\J  PIUTTS-  mTAl. 

'•M  ll'f,’. 

I’'igure  8.  Mean  Word  l>'requencios  Associated  with  Four 
Planned  Comparison.s.  Group  Differences 
are  Shown. 

While  the  volume  of  total  communication  decreased  in  the  nonvectoring 
conditions  an  average  of  47%  across  the  three  group.s  (p<.05)  the  difference 
was  mainly  due  to  the  71%  decrease  in  controller  verbal  workload(p<.  05). 
Pilot  verbal  workload  did  not  differ  signii.cantly  between  the  two  conditions. 
Previous  analyses  showed  that  although  total  pilot  communication  remained 
the  same,  the  pattern  shifted  such  that  pilot-controller  communication  ave- 
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raged  77%  less  in  the  nonvectorir.g  condition  (pC05)  while  interpilot  and  pil- 
ot-general communication  increased. 

The  controller  verbal  workload  decreased  57%  in  the  advisory  condi- 
tion compared  to  the  sequencing  condition  (p<.  02)  wnile  pilot  workload  in- 
creased 33%  (p<.  05)  in  going  from  the  sequencing  to  advisory  mode  of  man- 
agement. This  increase  in  pilot  communication  in  the  advisory  condition 
was  due  to  an  increase  in  inter -pilot  communication  (p<.  05)  and  pilot -gen- 
eral announcements  (p<.  tC). 

The  presence  or  absence  of  predictor  elements  on  the  pilots'  displays 
did  not  appear  to  make  any  statistically  significant  difference  in  word  count 
although  in  two  of  the  groups  both  the  pilot  and  the  controller  workloads  de- 
creased somewhat  when  predictors  were  used.  Similarly,  there  was  little 
difference  between  the  own  predictor -all  pred'ctor  displays  although  the 
same  two  groups  again  showed  a decrease  when  pilots  saw  predictors  on  all 
A/C  rather  than  on  their  own  A/C  only. 

Figure  9 presents  the  volume  of  communication  according  to  selected 
message  contents.  The  planned  comparison  format  is  used  as  before. 


.I’lin  M'lin  ilivV)-  Mt.MJiNU  smif  .mu  luiNiiiK  HidliMui 

j\t.  4 ♦,  (Aiuys 

l<’igure  9.  Planned  Comparisons  of  Communication  Associated 
With  Several  Information  Content  Categories. 

Tliei’e  was  less  c;ommunicution  related  to  speed  of  the  piloted  A/C, 
identifit  utions  and  message  acknowledgments  in  the  6 nonvectoring  cases  on 
the  average.  Similarly,  the  presence  of  predictors  on  all  the  A/C  (AP) 
rather  than  on  own  A/C  only  (OP)  reduced  the  communications  related  to 
s[)eed.  The  nonvectoring  conditions  produced  communications  directly  re- 
lated to  sequence,  and  the  speeds  of  the  computer  generated  A/C  ( 4 and  5), 

Overall,  more  consistency  among  the  three  groups  was  observed  for 
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pilots  than  for  controllers. 


DISCUSSION 


The  effect  of  decentralizing  the  controller  component  of  ATC  and  pro- 
viding pilots  with  more  visual  information  on  local  traffic  resulted  in  sub- 
stantially reducing  controller  verbal  workloads  without  increasing  pilot  ver- 
bal workload  or  decreasing  task  performance  measures.  The  sequencing 
condition  which  was  the  most  balanced  air-ground  distribution  resulted  in 
the  lowest  pilot  workload  and  lowest  total  system  workload.  Allowing  pilds 
full  responsibility  for  the  traffic  management  resulted  in  an  increase  in 
their  verbal  workload  over  the  sequencing  condition.  Pilot  display  differ- 
ences associated  with  the  three  predictor  conditions  had  little  overall  influ- 
ence on  verbal  communication  although  previous  analyses  indicated  an  over- 
whelming preference  by  pilots  and  controllers  for  predictor  element  display. 

Although  the  pilots'  verbal  workload  was  similar  in  the  vectoring  and 
nonvectoring  conditions,  important  differences  in  the  pattern  of  communica- 
tion were  observed.  For  example,  the  information  exchange  between  con- 
secutive A/C  in  landing  sequence  was  greater  than  that  between  two  A/C  not 
in  direct  sequence  as  would  be  expected.  Such  a result  suggests  the  use  of 
somewhat  different  pilot  display  information  depending  on  the  landing  sequen- 
ce configuration.  Neither  the  sequencing-advisory  conditions  nor  the  vari- 
ous nonvectoring  map  displays  notably  affected  the  type  of  information  com- 
municated. Large  differences  were  observed,  however,  between  the  vec- 
toring and  nonvectoring  conditions  where  both  the  largest  change  in  decen- 
tralization and  map  displayed  information  occurred.  The  low  frequency  of 
questions  and  replies  in  all  conditions  indicates  that  the  information  provid- 
ed to  the  pilots  and  controllers  in  terms  of  statements,  and  on  the  displays 
was  largely  sufficient  for  the  task.  It  was  observed  that  much  communica- 
tion was  devoted  to  identifications  and  acknowledgments  of  receipt  of  a mes- 
sage particularly  in  the  vectoring  condition.  The  reduction  in  communica- 
tion concerning  speed  in  the  all-predictor  condition  compared  to  own -predic- 
tor suggests  that  incorporating  predictors  on  other  visible  A/C  is  helpful. 
However,  judging  by  the  large  amount  of  speed  related  communication,  the 
use  of  predictor  for  speed  determination  was  not  very  efficient  by  itself. 
Other  methods  for  this  purpose,  such  as  direct  numerical  readings  on  the 
pilots'  displays  should  be  studied. 

While  the  use  of  only  three  groups  was  not  sufficient  for  a proper  ana- 
lysis of  intergroup  differences,  it  is  suggested  that  group  style  may  be  an 
important  factor  in  alternative  ATC  configurations.  Intergroup  pilot  varia- 
tions were  comparable  in  the  vectoring  and  no  vectoring  conditions  suggest- 
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ing  that  they  were  similarly  constrained  by  all  conditions.  Since  control- 
lers gave  few  commands  in  the  nonvectoring  conditions,  their  large  mter- 
group  variation  mostly  in  terms  of  advisory  messages  suggests  some  ambi- 
guity concerning  their  role  in  those  conditions. 

Overall,  the  sequencing  condition  appears  to  be  most  preferable  in 
terms  of  verbal  workload  for  the  following  reasons.  The  pilot  initial  word 
rate  was  no  higher  in  sequencing  than  in  vectoring  but  definitely  higher  in 
advisory.  Controller  initial  word  rate  for  sequencing  was  appreciably  low- 
er than  for  vectoring.  Pilot  and  controller  total  word  counts,  separately 
and  together,  were  also  appreciably  lower  in  sequencing  than  in  vectoring. 
(Pilot  total  word  count  was  slightly  higher  in  advisory  than  vectoring.  Al- 
though pilot  initial  word  rate  was  twice  as  high  in  advisory  than  in  vector- 
ing the  task  was  still  accomplished  with  little  apparent  performance  differ- 
ence from  vectoring^  ^ » 2,  4)^  advisory  condition  naturally  required  the 

lowest  initial  word  rate  and  final  total  word  count  of  the  controllers. ) 

From  an  operational  viewpoint,  sequencing  would  also  seem  preferable 
to  advisory  since  the  controllers  issue  and,  therefore,  know  the  order  of 
landing.  Their  assurance  that  this  order  can  be  safely  and  expeditiously 
obtained  without  their  direct  intervention  keeps  their  verbal  workload  low 
which  could  result  in  their  handling  a larger  volume  of  traffic  without  over- 
load. The  dynamic  analysis  of  word  rate  showed  a sizable  dip  in  word  rate 
particularly  for  controllers  in  the  nonvectoring  conditions  which  suggests 
that  the  controllers  need  not  keep  a constant  communication  rate  with  a 
group  of  A/C  once  sequenced  but  could  instead  turn  their  attention  to  suc- 
cessive groups  in  order.  This  might  have  the  effect  of  smoothing  out  their 
word  rate. 

Sequencing  produced  less  directed  pilot-oilot  communications  and  pi- 
lot-general announcements  than  did  advisory  which  again  suggests  that  se- 
quencing was  a better  balanced  system. 

Pilot  traffic  displays  should  incorporate  own  A/C  path  predictors  only, 
rhere  was  some  slight  evidence  that  predictors  on  all  A/C  reduced  verbal 
workload  in  some  in;  tanccs  particularly  in  speed  related  communication. 
However,  the  effect  though  significant  was  slight.  Overwhelming  .support 
for  own  predictor  incorporation  came  from  pilot  evaluations  based  on  their 
subjective  estimates  after  each  run  of  safety,  orderliness,  expeditiousness 
and  workload(^).  Hven  controllers  who  were  aware  of  the  predictor  dis- 
play conditions  without  actually  seeing  them  on  their  display  were  over- 
whi-lmingly  in  support  of  predictor  elements  for  the  pilot  displays  although 
the  conti'ollers  supported  the  all  predictor  condition.  The  preference  for 
own  pi'edii'tor  rathi'r  than  all  predii'tor  was  reinforced  by  13  out  of  14  Hi^t 
performani  e measures  being  favorable  to  the  own  predictor  condition^“'^ . 
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Therefore,  in  summary  it  is  concluded  that  the  sequencing  mode  of 
distributed  management  is  a realistic  alternative  to  vectoring  (i.  e.  ground 
based  centralized  management).  Sequencing  with  pilot  CRT  traffic  displays 
incorporating  a path  predictor  on  their  own  A/C  reduced  controller  and  pilot 
verbal  workloads,  elicited  positive  support  from  pilots  and  controllers  and 
did  not  compromise  the  performance  of  the  basic  task. 
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SUMMARY 


A series  c f discrete  maneuver  tasks  were  used  to  evaluate  the  effects 
of  steering  gain  and  directional  mode  dynamic  parameters  on  driver /vehicle 
responses.  The  importance  and  ranking  of  these  parameters  v;ere  evaluated 
through  changes  in  subjective  driver  ratings  and  performance  measures  obtained 
from  transient  maneuvers  such  as  a double  lane  change,  an  emergency  lane  change, 
and  an  unexpected  obstacle.  The  unexpected  obstacle  maneuver  proved  more  sensi- 
tive to  individual  driver  differences  than  to  vehicle  differences.  Results 
were  based  on  full-scale  tests  with  an  experienced  test  driver  evaluating  many 
different  dynamic  configurations  plus  seventeen  ordinary  drivers  evaluating 
six  key  configurations. 


INTRODUCTION 


The  test  program  described  in  this  paper  is  intended  to  quantif^"-  desirable 
vehicle  dynamic  characteristics  from  a closed-loop  driver  'vehicle  response 
standpoint.  In  Ref.  1 the  overall  program  was  reviewed  and  the  key  maneuvers 
'‘nd  performance  measures  described.  This  paper  presents,  in  particular,  the 
e'ffccts  of  automobile  steering  dynamics  on  the  results  of  transient  maneuvers, 
i.e.,  vehicle  control  tasks  which  could  be  termed  discrete  in  time  (as  opposed 
to  continuous  tracking  or  regulation  tasks).  In  the  experimental  series, 
these  tasks  were  primarily  a double  lane  change  ai,  ‘fO  and  ; 0 mph,  where  a 
driver  can  behave  in  a dual-mode  fashion  in  his  control  actions;  an  emergency 
lane  change  at  50  mph,  where  the  driver  is  faced  with  an  unknown  lane  selec- 
tion situation  dictated  by  the  switching  of  green-red  traffic  lights;  and  an 
unexpected  obstacle  avoidance  maneuver  evoked  by  an  obstacle  appearing  from 
^ he  side  of  the  road  forcing  the  driver  to  take  evasive  action.  The  double 
lane  change  was  the  maneuver  most  sensitive  to  vehicle  dynamic  differences 
since  it  was  run  at  a higher  speed  where  given  differences  in  vehicle  over- 
steer and  understeer  properties  appear  more  distinctly.  At  lower  speeds  these 
vehicle  characteristics  are  not  as  clearly  differentiated. 

The  program  variables  were  the  vehicle  directional  dynamics,  as  defined  by 
the  yaw  velocity  to  steer  angle  transfer  fianction,  and  the  steering  wheel  to 
front  steer  angle  gain  (commonly  referred  to  as  "steering  ratio").  Kor  the 
expert  tost  driver,  eight  different  vehicle  directional  dynamic  configurations, 
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;;hfiwn  in  I,  wore  tested  cxccncively . A subset  was  used  in  the  validation 

tests  with  lY  ordinary  drivers.  The  configurations  tested  were  chosen  from  a 
matrix  of  over  (ij  identified  configurations,  all  using  \S^h  Chevrolet  Nova 
hatchback  sedans.  The  dynamic  properties  of  the  configurations  shown  in  Fig.  1 
v;ere  obtained  by  varying  tire  sizes,  e.g.,  from  a small  878-1^  tire  mounted  on 
a ‘i  in.  rim,  to  a large  1 1:50- lb  tire  mounted  on  an  8 in.  rim;  by  adding  lead 
v/cight  to  the  rear  bumper  of  the  car  such  as  in  Configurations  58  and  60  shov/n 
on  the  righthand  side;  and  by  adding  lateral  acceleration  feedback  to  the  steer- 
ing servo,  such  as  shown  on  the  six  configurations  on  the  left,  where  the  level 
of  lateral  acceleration  feedback  ranged  from  deg/g  in  an  understeer  direc- 
tion to  — deg/g  in  an  oversteer  direction.  Steering  ratio  was  varied  for 
any  one  of  these  configurations  by  feeding  forward  an  electrical  signal  propor- 
tional to  steering  wheel  position.  With  this  method  it  was  nossible  to  change 
from  a very  low  ratio  of  approximately  26:1  to  a very  high  ra  io  of  y: 1 . Several 
workers  CRefs.  2-8)  have  previously  shown  that  these  directional-dynamic  and 
vehicle-response  scaling  variables  affect  vehicle  steering,  peri'ormance  in  ,'arious 
driving  situations.  The  performance  measures  found  most  sensitive  here  to  these 
changes  in  vehicle  dynamics  were  the  driver's  steering  activity,  cone  scores  in 
specific  maneuvers,  and  subjective  driver  ratings.  With  this  introduction  we 
can  now  turn  to  particular  results. 


Mgurc  I . Yaw  Velocity  to  Htcer  Angle  Indicial  Responses 
for  Original  Test  Configurations 
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EXPERT  DRIVER  RESULTS 

Kiguro  ' shows  the  average  steering  reversals  used  to  accomplish  the  double 
lane  change  as  a function  of  the  yaw  time  constant,  Tr,  for  the  expert  test 
driver.  As  the  vehicle  response  slows  down  (Tp  increases),  more  steering  acti- 
vity is  required.  For  the  lane  change  maneuvers  the  expert  driver  did  not  have 
any  cone  strikes.  Performance  for  the  unexpected  obstacle  was  not  obtained 
since  he  v/as  aware  of  the  unexpected  obstacle  and  therefore  could  not  be  sur- 
prised by  it.  This  test  driver  did,  however,  provide  driver  ratir.gs  which 
showed  the  effects  of  steering  gain  and  vehicle  responsiveness. 


Average 

Steerirtg 

Reversals 


Figure  2.  Steering  Reversals  to  Accomplish  Double  Lane  Change 
as  Ihinction  of  Yaw  Time  Constant 


As  described  in  Ref.  9 at  least  three  different  categories  of  driver  rating 
scales  are  needed  to  properly  differentiate  the  effects  of  vehicle  parameter 
changes  on  driver  behavior  (response,  workload,  et,'.)  and  on  driver/veliiclc 
system  response  and  perfonnance.  That  is,  a separate  scale  is  required  for 
unattended  operation,  continuous  tracking  and/or  regulation,  and  discrete  com- 
mand and  vehicle  response  situations.  The  latter  scale  is  the  one  used  here. 

It  is  fundamentally  non-adjoctival  and  intended  to  be  interval.  It  ranges 
bei.v;eon  vehicle  response  characteristics  which  are  excellent  in  that  the  tran- 
sient maneuver  is  "very  easy  to  accomplish,"  to  characteristics  which  are 
"ir.possible  to  accomplish  at  task  speed."  When  using  the  scale,  the  subject 
makes  his  assessment  by  simply  marking  a location  along  the  lefthand  side.  Ton 
points  are  then  allocated  for  the  total  interval,  and  numbers  assigned  by  the 
analyst  accordingly.  The  objective  features  included  in  the  subjective  assess  - 
mont  given  by  the  driver  rating  include  such  factors  as; 
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• Task  performance 

• Concentration  and  attenticnal  demands 

• Driver  mental  workload 

• Effects  of  vehicle  dynamics 

These  are  the  same  kinds  of  factors  which,  in  the  analogous  case  of  aircraft 
handling,  are  taken  into  account  by  a skilled  test  pilot  in  providing  a pilot 
commentary  and  an  associated  pilot  rating  (Ref.  10).  It  has  been  demonstrated 
many  times  tnat  the  Cooper-Harper  Scale  subjective  ratings  are  related  to  the 
pilot  and  pilot /vehicle  system  dynamics  and  performance  (e.g.,  Ref.  il).  Simi- 
lar rating  techniques  liave  been  employed  with  automobiles  (e.g..  Refs.  12  and 
If)  although  not  to  the  degree  that  the  techniques  have  been  used  in  aircraft. 
In  fact,  the  large-scale  study  upon  which  this  paper  is  based  (Ref.  9)  is  one 
of  the  first  conq>rehensive  treatments  in  which  automobile  dynamics  are  related 
to  driver  ratings. 

The  test  driver  ratings  for  vehicle  responsiveness  and  steering  gain  are 
shown  in  Fig.  ■$.  The  top  portion  of  Fig.  5 shows  the  overall  yaw  velocity  to 
steering  wheel  gain  at  90  ttph  versus  the  yaw  time  constant,  Ty.  The  driver 
ratings  are  reduced  to  iso-opinion  lines  corresponding  to  Levels  3 and 
Ratings  of  3 or  better  indicate  the  vehicle  is  very  good;  between  3 and  6, 
marginal;  and  above  6,  poor.  From  the  left  figure  we  can  see  that  a steadj'- 
state  yaw  response  greater  than  O.9  appears  too  responsive  to  the  test  driver 


.5 

T,  (sec) 


10 


I'iguro  3.  Driver  Opinion  Ratings  of  Vehicle  Responsiveness 
and  Steering  Gain  h'rom  the  Expert  Test  Driver 
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and  is  relatively  insensitive  to  the  yaw  time  constant.  However,  on  the  lower 
righthand  side,  the  driver  ratings  appear  more  sensitive  to  the  change  in  yaw 
time  constant  than  they  do  to  the  change  in  steering  gain. 

The  right  portion  of  Mg.  ' shows  the  driver  ratings  for  steering  ratio. 

In  this  figure  it  can  be  seen  that  there  is  very  little  sensitivity  to  the 
change  in  time  constant  and  much  more  sensitivity  to  the  change  in  overall 
steady-state  yaw  velocity  gain.  In  particular,  at  ^0  n5>h,  steady-state  yawing- 
velocity  /steering-wheel-deflection  values  greater  than  0.5  appear  too  sensitive, 
and  yawing  velocity  gains  below  0.2  appear  not  sensitive  eno\jgh.  9y  combining 
the  results  of  the  left  and  right  portions  of  Fig.  5 a potential  region  of  opti- 
mum vehicle  characteristics,  such  as  shown  in  Fig.  U,  can  be  identified.  This 
has  boundaries  on  top  and  bottom  dictated  by  the  overall  yaw  velocity  to  steer- 
ing v/heel  gain,  and  on  the  righthand  side  a sensitivity  to  yaw  time  constant 
based  on  the  responsiveness  ratings.  This  gives  a tentative  optimum  vehicle 
region  of  vehicle  dynamics. 


T,  (sec) 

Figure  U.  Tentative  Boundaries  of  Optimum  Vehicle 
Response  at  ^j>0  mph  as  Determined  from  Subjective 
Ratings  of  Experienced  Test  Driver 


REFRESEHIAIIVE  DRIVER  RESULTS 


To  validate  the  expert  driver  results  we  then  proceeded  to  test  17  subjects, 
eight  females  and  nine  males,  selected  from  the  ordinary  driver  population.  Four 
of  the  original  eight  vehicle  dynamic  configurations,  one  with  three  different 
steering  gains,  were  used.  These  final  test  configurations  are  shown  in  f'ig.  . 


a. 
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Figure  Yaw  Velocity  Response  of  Final  Vehicle 
Test  Configurations  at  yO  mph  to 
1 deg  Step  Steer  Input 
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Config'araticn  A at  the  top  represents  an  ideal  vehicle  confr-;  ration^  with 
characteristics  within  the  tentative  optimum  region  shown  ix-  % It  has 

very  good  yaw  damping,  rapid  response  time,  and  very  little  o,  .rshoot  to  the 
step  steer  in-nut.  Configuration  B is  closer  to  a neutral  steering  configura- 
tion, with  concomitant  slower  response  times.  Configurations  C and  D repre- 
sent under  steering  configurations  at  low  and  high  frec^uencics,  respectively. 
Utilizing  these  four  vehicle  configurations  for  the  17  ordinary  subjects,  cone 
scores  and  steering  activity  were  found  to  be  sensitive  measures.  The  latter 
also  followed  the  test  driver  results. 

The  sensitivity  of  cone  scores  to  both  the  vehicle  dynamics  and  steering 
gain  are  presented  in  Figs.  6 and  7,  respectively.  In  Fig.  6 the  effects  of 
vehicle  dynamics  on  lane  exceedences  in  both  the  emergency  lane  change  tnaneuver 
and  the  double  lane  change  maneuver  are  given.  At  the  left  side  are  plotted 
the  percentage  of  runs  in  which  the  driver  exceeded  the  lane  boundary,  and  the 
right  side  shows  the  percentage  of  subjects  who  actually  exceeded  the  lane  (in 
other  vords,  those  who  produced  the  data  in  the  lefthand  plot).  As  an  example, 
for  the  etiiergency  lane  change  maneuver,  percent  of  the  runs  exceeded  the 
lane  boundaries  for  Configurations  D,  A,  and  C.  However,  the  righthand  side 
indicates  that  only  20-2h  percent  of  the  subjects  tested  actually  exceeded  the 
lane,  ’^rom  an  overall  standpoint  the  top  portion  of  Fig.  *'  shows  that  Configu- 
ration B resulted  in  a much  higher  percentage  of  lane  exceedences  than  the  other 
three  configurations  and  also  a much  higher  percentage  of  the  rubjects  exceeding 
the  lane.  This  implies  Configuration  B is  less  safe  than  the  other  three  in 
such  maneuvers.  It  might  also  be  noted  that  female  subjects  on  the  cuverage 
showed  a much  higher  tendency  to  exceed  the  lane  than  males. 


The  same  trends  are  exhibited  for  the  double  lane  change  maneuver  shown  on 
the  bottom  portion  of  Fig.  6.  However,  in  this  figure  it  can  be  seen  that  Con- 
figuration A,  the  more  likely  optimum  dynamic  configuration,  produced  the  fewest 
number  of  lane  exceedences  and  also  had  the  lowest  percent  of  subjects  exceeding 
th'^  lane.  Configuration  B again  showed  up  its  more  undesirable  characteristics. 

The  effects  of  steering  gain  on  lane  exceedences  are  shown  in  .^g.  T*  The 
steering  gains  tested  were  all  installed  on  the  ideal  vehicle  configuration  ' k) , 
and  the  three  steering  ratios  are  denoted  by  A],  A?,  and  A3  where  Ai  is  the 
nominal  1911  ratio,  Ao  is  a lower  ratio  of  r'j;!,  and  At  is  a higher  racio  of 
!' :1.  The  top  portion  of  Fig.  7 gives  the  results  for  the  emergency  lane  change 
maneuver.  It  shows  that  females  exhibit  a very  large  number  of  lane  exceedences 
at  the  : I ratio.  On  the  average,  only  about  20~',\  percent  of  the  sabjects 
exceeded  the  lane  for  all  three  steering  ratios,  i'or  the  double  lane  change 
maneuver  shown  in  Fig.  '(h  the  Fh:'  steering  ratio  results  in  the  fewest  percen- 
tage '.’f  lane  exceedences  for  both  male  and  female  subjects  and  also  res.jted  ir. 
the  fov.'ost  number  of  overall  subjects  exceeding  the  lane.  'laKing  “ig.  in 
total  it  appears  that  one  ratio  is  not  optimum  for  all  subjects  for  different 
r'.ancuvers  at  different  speeds  and  for  different  vehicle  steer  angle  gain^. 
Hov.ever,  if  an  average  had  to  be  chosen,  the  19‘  ' steering  ratio  appears  t ■> 

!'■'  a good  intenr.ediato  compromise.  These  results  also  show  that  the  fersales 
may  not  be  as  adaptabl('  to  ohanges  in  steering  gain  as  males.  This  is  defi- 
nitoly  a subject  that  should  be  looked  into  further. 
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The  average  results  of  the  driver  ratings  are  shown  in  Fig.  8.  These  driver 
ratings  arc  for  the  ‘^0  mph  double  lane  change  and  are  plotted  versus  the  change 
in  inverse  vehicle  time  constant,  l/Tj*.  This  figure  shows  that  the  most  desir- 
able vehicle  configuration  is  the  rapidly  responding  Configuration  D with  1 /Tj. 
of  Next  rated  is  Configuration  A with  a 1 /Tj.  of  ^ rad/sec.  To  show  the 
consistency  of  tne  data,  the  average  of  three  repeat  runs  is  shown  alongside 
Configuration  A.  Least  desirable  were  Configurations  C and  B with  ratings  of 
and  Y,  respectively.  It  is  interesting  to  see  that  Configuration  D,  which 
had  a low  damping  ratio  (indicative  of  an  understeering  vehicle)  combined  with 
a rapid  response,  is  classed  better  than  one  with  higher  damping  and  hence  less 
yaw  velocity  overshoot.  This  indicates  that  drivers  appear  more  sensitive  to 
response  time  than  to  the  overshoot,  and  therefore  Configurations  A and  D were 
rated  better  than  Configurations  B and  C. 

Also  shown  on  Fig.  8 as  incidental  information  are  the  average  ratings  of 
the  subjects  for  their  own  personal  cars.  These  fell  conveniently  into  two 
categories  corresponding  to  "small"  and  "larger"  personal  cars.  It  is  interest- 
ing to  note  that  the  small  personal  cars  were  rated  as  good  as  the  ideal  vehicle 
configvuration,  Ai . This  may  be  due  in  part  to  the  smaller  overall  size  of  these 
cars,  which  gave  them  more  room  to  negotiate  the  9 ft  wide  lane  change  corridor. 


Figure  8.  Average  Driver  Ratings  of  V(  Test  Subjects 
for  Double  Lane  Change  Maneuver 


481 


In  l.ormc  oI  fnibjcc'-,  preference  for  an  ideal  steering  gain,  the  results 
.'.upport  the  t<.*ntativc  optUuum  boundaries  of  Fig.  h and  were  more  consistent 
for  male  than  for  female  subjects.  These  results  are  shown  in  Fig.  9.  For 
the  male  subjects  shown  on  the  lefthana  side,  six  of  nine  preferred  the  19:1 
ratio  [which  produced  an  overall  yaw  velocity  to  steering  wheel  gain  of 
0.29  (deg/sec) /deg];  two  preferred  the  29:1  ratio;  and  only  one  preferred 
the  12:1  (since  he  equally  liked  25:1  this  subject’s  data  appear  inconsis- 
tent). The  female  subjects,  shown  on  the  righthand  side,  show  five  out  of 
eight  preferred  the  19:1;  two  preferred  25:1  (one  only  barely);  and  again 
one  preferred  the  12:1  ratio.  There  is,  however,  a much  wider  spread  in  the 
females'  ratings  of  the  optimum  vehicle  gain  (from  1 to  5.5)  than  the  males, 
who  rated  the  best  in  a range  of  0.5  to  2.0. 


Figure  9.  Ratings  for  Various  Steering  Gains  on  Configuration  A 
in  50  mph  Double  Lane  Change  Maneuver 


In  regard  to  the  unexpected  obstacle  results  for  the  17  drivers,  the 
results  were  not  conclusive  with  regard  to  vehicle  dynamics.  This  occurred 
since  all  subjects  were  not  able  to  drive  each  configuration  and  still  encoun- 
ter the  obstacle  with  the  same  degree  of  unexpectedness.  For  example,  on  repeat 
runs  with  five  subjects  using  a good  vehicle.  Configuration  A,  and  a poorer 
vehicle.  Configuration  B: 
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• Two  of  the  five  missed  the  obstacle  with  the  A car  but 
hit  it  with  the  3 car  (a  positive  result). 

• Two  of  the  five  missed  it  with  both  cars  (a  neutral 
result) . 

• One  of  the  five  hit  it  the  first  time  with  the  good  car 
and  missed  the  obstacle  the  next  three  times  with  both 
the  good  and  bad  configurations  (a  neutral  to  negative 
result) . 

More  interesting  results  were  obtained  from  general  driver  response  character- 
istics and  when  differences  between  drivers  were  ccsnpared.  These  are  listed 
below. 

• The  reactions  of  the  subject  drivers  to  the  unexpected 
obstacle  demonstrated  almost  all  possibilities.  For 
example ; 

— Seven  steered  aro\ind  it 

— Eight  hit  it 

— Two  stopped  in  front 

• The  peak  steering  wheel  deflection  was  about  100  ± )+0  deg. 

There  was  no  significant  difference  between  configurations 
in  this  connectionj  however,  all  drivers  did  not  experience 
each  configuration. 

• In  braking,  the  average  effort  was  about  50  1I>,  creating 
about  0.5  g for  stopping. 

• Reaction  times  were  quite  slow.  Approximately  1.2  ± O.25  sec 
elapsed  before  any  steering  or  braking  action  was  taken.  (The 
stopping  distance  at  0.5  g deceleration  from  30  n^h  is  60  ftj 
100  ft  was  available.) 

• Heart  rate  was  an  excellent  measure  of  unexpectedness.  It 
typically  went  to  greater  than  16O  beats/minute. 

This  brings  ug  to  the  point  of  general  summary  and  conclusions  based  on 
the  results  of  the  transient  maneuver  tasks.  In  general,  the  key  vehicle  para- 
meters are  (in  order  of  importance):  steering  gain,  yaw  velocity  numerator 

(which  dictates  the  dominant  jsath  mode  i.ime  constant,  Tj.),  directional  fre- 
quency, and,  of  least  importance,  the  directional  damping  ratio.  In  more 
quantitative  terms,  it  appears  that: 

• The  range  of  desirable  steady-state  yaw  velocity  to  steering 
wheel  gains  is  between  0.2  and  O.Ji  fdeg/sec)/deg  at  ^0  mph 
for  standard  size  vehicles  and  is  dependent  on  the  value  of 
Tr  for  slower  responding  vehicles. 
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• The  yaw  velocity  time  constant,  Tj.,  should  be  less  than 

0.3  sec  for  speeds  up  to  5O  mph. 

• There  is  a lower  bound  on  acceptable  directional  response 
frequency  and  daii5)ing  ratio.  These  are  about  3 rad/sec 
and  a ratio  of  O.3,  respectively,  although  not  enough 
vehicles  were  tested  with  values  less  than  these  to  be 
certain  the  results  are  definitive. 
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SUMMARv 


The  MLS  approach  path  tracking  of  manually  piloted  STOL  aircraft  will 
be  affected  by  severe  atmcsphe'’>  curbulence,  and  the  system  gust  response 
can  be  significantly  altered  by  Stability  Augmentation  Systems  (SAS).  In 
this  study,  the  task  of  investigating  the  effect  of  SAS  was  formulated  as 
two  optimal  control  problems  for  stochastic  systems:  (1)  to  compute  SAS 

gains  with  a rate-model-in-the-performance-index  algorithm,  and  (2)  to 
calculate  the  pilot  gains  and  system  gust  response  using  an  optimal  pilot 
model. 

Both  problems  were  solved  to  yield  reasonable  low  gains  for  the  pilot 
and  SAS,  and  the  lateral-directional  mode  poles  and  the  longitudinal  short 
period  poles  could  be  placed  accurately  by  the  model  matching  algorithm, 
of  the  longitudinal  (SAS)  poles  achieved,  the  vertical  rms  path  error  was 
least  for  the  unaugmented  poles.  The  lateral  rms  path  error  was  an  order 
of  magnitude  larger  than  the  vertical  error  and  showed  a plus  or  minus  50 
percent  variation  with  SAS.  It  increased  with  dutch  roll  frequency  and 
damping,  and  it  decreased  most  significantly  with  increased  roll  stability. 
The  variation  in  lateral  error  with  bank  angle  for  curved  flight  was  also 
a significant  function  of  the  augmented  poles.  There  was  a trade-off 
between  minimum  lateral  end  directional  coupling  and  minimum  lateral  path 
error. 


INTRODUCTION 


Advanced  air  terminal  navigation  systems,  such  as  MLS,  provide  the 
potential  for  increased  landing  rates  by  allowing  multiple  simultaneous 
curved  approach  paths.  STOL  aircraft  are  particularly  suited  for  steep 
aporoaches  and  short  radius  turns  feeding  into  the  sides  of  the  MLS  sector. 
These  curved  trajectories  have  problems  associated  with  manual  path  track- 
ing, especially  in  severe  turbulence.  The  pilot  can  be  provided  with  an 
advanced  display  to  reduce  his  workload,  but  feedback  through  the  flight 
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director  alone  cannot  adequately  compensate  for  the  gust  response  of  the 
basic  airframe.  Stability  Augmentation  Systems  (SAS)  have  the  potential  to 
improve  path  tracking  in  turbulence,  but  they  are  usually  designed  to  com- 
pensate for  other  problems.  It  was  desirable,  then,  to  investigate  the 
effect  of  SAS  upon  gust  response  in  order  to  determine  design  t**adeoffs  and 
potential  improvements.  This  paper  is  a summary  of  the  author's  doctoral 
thesis,  reference  1.  Three  airspeed/flap  configurations  for  the  Breguet  941 
STOl.  aircraft  were  investigated  in  reference  1,  and  the  results  for  one 
of  these  are  shown  here. 


Problem  Definition 

A parametric  analysis  of  the  effect  of  SAS  upon  gust  response  was 
accomplished.  This  analysis  was  separated  into  two  tasks  which  were 
formulated  as  quadratic  optimal  control  problems  for  stochastic  systems: 
(1)  to  calculate  the  SAS  gains  for  specified  augmented  poles  using  a 
rate-model -in-the-performance-index  algorithm,  and  (2)  to  calculate  the 
pilot  model  gains  and  system  response  for  each  set  of  SAS  gains  using  a 
quadratic  optimal  pilot  model. 


SYMBOLS 


‘g 


■'g 


banked  flight  variable 
observation  matrices 
identity  matrix 

flight  director  gain  on  vertical  flight  path  error 
pilot  gain 

body  axis  perturbation  roll  rate 
body  axis  perturbation  yaw  rate 
Laplace  domain  variable 
pilot  Lead 

observation  vector  for  flight  director  design  problem 
equivalent  gust  angle  of  attack 
sideslip  angle 

equivalent  gust  sideslip  angle 
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aileron  and  rudder  actuator  states 
SAS  control  variables 

unit  variance  Gaussian  white  noise  driving  the  remnant  state 
equation 

trim  bank  attitude  angle 
perturbation  roll  attitude  angle 

OPTIMAL  CONTROL  PROBLEM  FORMULATION 

The  following  formulation  was  used  to  describe  both  optimal  control 
problems  in  this  study.  The  problem  is  to  calculate  the  optimal  system 
feedbacks  in  the  gains  matrix  H such  that  the  control 


u = - Hy  (1) 

minimizes  the  performance  index 

J = T (2) 

where  the  system  response  vector  is 

z = Dx  + Tu  (3) 

the  state  stochastic  differential  equation  is 

X = Ax  + Bu  + 6n  (4) 

the  observation  vector  is 

y = Cx  (5) 


is  the  domain  of  in  the  associated  probability  space,  n is  a vector  of 
stochastic  (Gaussian  white  noise)  disturbances,  A,  B,  C,  D,  G,  and  T are 
matrices  of  constant  coefficients  and  Q is  a symmetric  positive  semi- 
definite  matrix  of  quadratic  weights.  This  formulation  provided  for  partial 
state  feedback  through  the  observation  equation  (5). 
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An  algorithm  for  a gradient  solution  to  this  problem  was  derived  In 
reference  2.  The  system  matrices  in  that  algorithm  were  partitioned  to  pro- 
vide an  efficient  numerical  solution.  Computer  programs  implementing  that 
algorithm  were  used  for  this  study. 


STABILITY  AUGMENTATION  DESIGN 


Parametric  variation  of  the  augmented  open  loop  system  poles  was 
accomplished  by  SAS  designed  for  the  wings  level  decoupled  longitudinal  and 
lateral-directional  modes.  The  design  technique  used  was  a variation  of 
the  rate-model -in-the-performance  index  method  described  in  reference  3. 
Complete,  pure  state  feedback  was  provided  to  the  elevator  and  throttle  con- 
trols for  the  longitudinal  mode  and  the  aileron  and  rudder  controls  for  the 
lateral-direciional.  The  servo-actuator  states  were  retained  in  this  design 
method. 

For  the  lateral -directional  SAS  design,  the  state  and  observation 
vectors  of  equations  (4)  and  (5)  were  defined  to  be 


x’  = y'  = [p,  r,  fi,  <t>,  6 , 6 , « , « ] (6) 


where  the  first  six  states  describe  the  aircraft  and  actuators  and  the  last 
two  were  the  random  variables  driving  the  aircraft  and  model.  The  stochastic 
actuator  disturbances  were  first  order  filtered  Gaussian  white  noise 
processes.  The  control  vector  was 


u'  = [6  , 6 ] (7) 

®s  ^ 

The  rate-model  stochastic  differential  equation  was 


where  the  model  had  no  actuators  or  controls. 

The  response  vector  was  derived  by  subtracting  the  model  and  aircraft 
equations  assuming  approximate  equality  of  the  model  and  aircraft  states  and 
identical  stochastic  disturbance  coefficients 


2 = X - X|^  = (A  - Aj^)x  + Bu  (9) 

Then,  the  D and  T matrices  of  equation  (3)  were  obtained  by  eliminating  zero 
rows  from  equation  (9).  The  response  vector  for  the  lateral -directional 
mode  became 
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Z = [aP,  Ar,  A6,  6^,  6^]  (11) 

Selected  elements  of  the  upper  left  4x4  partition  of  the  model  matrix, 

A , were  calculated  to  vary  the  poles  parametrically.  This  matrix  partition 
was 

®11  ®12  ®13  ° 

*21  *22  *23  ° 

° ^ *33  *34 

1 342°  ° 

Two  alternate  expressions  for  the  model  characteristic  equation  were  as 
follows 

det(sl  - A^jj)  = (s^  + 2 + + 1/T^)  = 0 

(13) 

where  the  second  expression  contained  the  dutch  roll  frequency  and  damping 
and  the  roll  and  spiral  poles.  In  order  for  both  expressions  to  be  identi- 
cal, the  coefficients  of  like  powers  of  s had  to  be  equal. 

Subtracting  these  coefficients,  we  obtained  a set  of  four  equations 

F'(x)  = [f,,  f2»  f3,  f4]  = [0]'  (14) 

where 


= [a^^,  a^3»  322*  823] 


These  elements  of  A, « were  chosen  since  the  stability  derivatives  C,  , C,  , 

*p  V 

C . C in  these  elements  caused  most  significant  variation  in  the  lateral- 

directional  poles.  These  poles  were  specified  in  equation  (14),  which  was 
solved  for  the  variable  matrix  elements  by  a Newton-Raphson  iteration. 

These  lements  were  then  used  in  equation  (9)  to  compute  the  SAS  gains. 


The  longitudinal  mode  was  handled  in  a similar  manner.  However, 
although  the  rate-model  SAS  de:ign  method  placed  all  four  lateral-directional 
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poles  quite  accurately,  the  longitudinal  phugoid  pole  locations  could  not  be 
controlled;  only  the  longitudinal  short  period  poles  could  be  placed 
arbitrarily.  This  problem  was  most  probably  due  to  the  special  aerodynamic 
and  thrust  characteristics  of  the  blown  flap  STOL  and  the  increased  coupling 
of  the  longitudinal  short  period  and  phugoid  poles. 

The  augmented  poles  were  varied  over  the  acceptable  flying  quality 
region  as  determined  from  military  and  NASA  specifications  in  references 
4,  5,  and  6.  The  pertinent  region  boundaries  and  augmented  poles  are  shown 
in  figures  1 and  2.  The  unaugmented  short  period  poles  were  overdamped  and 
are  shown  on  the  real  axis  in  figure  1.  Three  other  short  period  pole 
locations  were  investigated  as  shown. 


-3.0  -2.0  -1.0  0 


REAL  PART  (RAD/SEC) 

Figure  1 

longitudinal  SAS  Design 

The  specified  model  dutch  roll  poles  are  represented  by  the  inter- 
sections  of  the  lines  in  figure  2.  The  points  are  the  SAS  design  poles,  and 
they  illustrate  the  accuracy  of  the  pole  placement  algorithm.  The  roll  and 
spiral  poles  were  also  varied  parametrically.  For  reference,  the  unaug- 
mented poles  were  as  follows:  dutch  roll  frequency  and  damping  (1.33  rad/ 
sec,  .290),  roll  polo  (-1.74  rad/sec),  spiral  pole  (-.016  rad/sec),  and 
both  servo  poles  (-10  rad/sec). 
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Figure  2 

Lateral-Directional  SAS  Design 
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PILOT  GAINS  AND  SYSTEM  RESPONSE 


The  complete  piloted  system  diagram  is  shown  in  figure  3.  The  equations 
for  this  system  for  both  wings  level  and  horizontal  banked  flight  were 
de»*ived  in  reference  1.  Results  for  one  airspeed,  194  kilometers/hour  (lOS 
knots),  and  inboard  flap  setting,  45  degrees,  are  shown  here.  The  elevator, 
aileron,  and  rudder  actuators  were  represented  by  first  order  lags  with 
0.1  sec  time  constants  and  the  engine  throttle  response  by  a first  order  lag 
with  1.0  sec  time  constant.  The  MLS  signal  and  sensor  errors  were  neglected. 
The  flight  director,  pilot  model,  and  gust  model  are  discussed  in  the 
following  sections. 


Pilot 

Flight  Director  Remnant  Gust  Disturbances 


Figure  3 

Piloted  Aircraft  System  Diagram 


493 


T 


f 


1 


r 


I 


! 


Flight  Director 

The  pilot  was  given  a two-axis  compensatory  tracking  task  to  control 
vertical  and  lateral  path  errors.  The  flight  director  commands  were 
assumed  to  be  presented  on  a cross-pointer  display,  and  the  pilot  was 
assumed  to  be  providing  control  inputs  through  the  elevator  and  aileron. 

This  control  strategy  was  found  to  be  inadequate  for  the  longitudinal  track- 
ing task  at  the  111  kilometer/hour  (60  knots)  98-degree  flaps  trim  point 
even  with  stability  augmentation  feedbacks  to  both  elevator  and  ttrottle. 
However,  the  strategy  was  adequate  for  the  higher  speed  trim  data  used  in 
this  paper. 

In  the  application  of  an  overall  optimal  control  system  design  concept, 
the  flight  director  configuration  and  gains  might  be  adjusted  for  each  SAS 
gain  set.  However,  for  the  purposes  of  this  study,  a simple  configuration 
was  chosen  and  the  gains  were  fixed.  The  longitudinal  mode  command  con- 
sisted of  pitch  attitude  and  vertical  path  tracking  error  feedbacks,  and  the 
lateral-directional  command  consisted  of  roll  attitude,  yaw  attitude,  and 
lateral  tracking  error  feedbacks. 

Since  the  pilot  observed  both  tracking  command  pointer  displacement  and 
rate,  the  system  observation  vector  contained  both  displacements  and  rates. 
This  was  represented  by  the  system  control  equation  for  the  longitudinal 
mode: 


u = - Hy  = - H 


y 


(16) 


To  select  the  flight  director  gains,  the  problem  was  reformulated  to  intro 
duce  the  gains  into  the  control  matrix  as  follows 


u = . Hy  = - HCx  = -(HC^)  (CqX)  = - H^y2  (17) 

where  the  new  control  matrix  is  the  product  of  the  pilot  gains  matrix  and 
the  flight  director  gains 


- = - HC^  = [Kp(KpTL)] 


1 

0 


0 

1 


0 

K 


(VdJ 


(18) 
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This  optimal  control  problem  was  solved  for  the  unaugmented  system.  As  can 
be  seen  from  equation  (18),  there  are  four  expressions  for  the  three  unknown 
gains;  so,  the  solution  was  only  approximate,  though  satisfactory  for  this 
study. 


Pilot  Model 


The  mathematical  pilot  model  was  formulated  in  a manner  similar  to 
"paper  pilot,"  reference  7.  Two  independent  models  consisting  of  gain,  lead, 
delay,  and  remnant  were  introduced  for  the  longitudinal  and  lateral- 
directional  modes.  Each  model  was  represented  by  the  following  diagram. 


e 

The  pure  time  delay  was  approximated  by  a first  order  Pade  expression, 
and  the  equivalent  pilot  state  vector  equations  for  each  mode  became 


^p " ■ '‘p  ^ 

= - (2/  t)  Xp  + (4/  t)  Up 


(19) 


where  the  pilot  control  was 


‘p  = *p  - V * "pV> 


= Xp  - Up  (20) 

and  the  system  control  was 

“ ' “p  “ V * "pV 

The  time  delay  was  selected  to  be  t=  0,3  sec  assuming  a similarity  of  track- 
ing tasks  to  that  of  reference  8.  The  remnant  was  represented  as  a first 
order  filtered  Gaussian  white  noise  process  with  gain  proportional  to  the 
variance  of  the  system  control 


"s  ^ "Vs  % 
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The  remnant  parameters  were  selected  assuming  scanning  statistics  similar  to 
those  of  reference  8.  Since  the  variance  of  the  system  control  a was 
present  in  equation  (22),  an  iteration  was  required  to  achieve  the 

final  remnant  level. 

The  final  element  of  the  pilot  model  was  the  quadratic  performance 
index.  A simple  function,  including  the  pilot  state,  the  system  control,  and 
the  flight  director  coitinand  was  chosen 

1 < vl  * v'  * 

This  form  assumed  that  the  pilot  was  attempting  to  minimize  the  command 
tracking  error  while  limiting  his  own  control  activity.  The  system  control 
was  required  by  the  gradient  algorithm. 

The  quadratic  weights  were  chosen  arbitrarily  (in  the  absence  of  actual 
tracking  data)  to  be  = q^  = 1,  and  = 100. 

The  validity  of  this  pilot  model  was  partially  verified  by  checking  the 
pilot  flight-director  command  open  loop  transfer  function.  The  slope  of  the 
magnitude  curve  was  found  to  be  minus  20  dB/decade  at  a system  cross  over 
frequency  between  3 and  4 radians/second.  This  agreed  with  the  verbal  rules 
for  the  model  of  reference  9.  The  ohase  margin  was  also  amole. 


Gust  Model 

The  atmospheric  turbulence  model  was  taken  from  reference  4.  The  Dryden 
model  for  severe  clear  air  turbulence  was  selected.  The  gust  intensities 
were  calculated  at  30.48  meters  (100  ft)  altitude  to  be  o,  = 1.98  m/sec 
(6.5  fps),  = 3.C3  m/sec  (10  fps),  and  Op  = .074  rad/sec.  The  hori- 

zontal intensity  magnitudes  were  reduced  ^rom  4.88  m/sec  (16  fps)  as  in 
reference  8.  The  statistically  correlated  equivalent  pitch  and  yaw  gust 
velocities  were  replaced  as  follows 


q 


9 


(24) 


Since  the  model  was  anisotropic,  it  was  necessary  to  transform  the 
intensities  for  the  banked  flight  cases  by  the  following  bank  angle  trans 
formation 
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System  Response 


The  results  of  the  system  response  calculations  are  presented  in  this 
section.  The  rms  vertial  path  tracking  error  is  plotted  versus  longitudinal 
short  period  frequency  in  figure  4.  The  isolated  point  represents  the 
unaugmented  system  where  the  short  period  frequency  equivalent  of  the  two 
real  roots  is  plotted.  The  three  augmented  points  have  approximately  the 
same  damping  (.7).  There  was  little  change  in  response  due  to  damping,  but 
there  was  a significant  increase  in  vertical  error  due  to  increased  short 
period  frequency. 


SHORT  PERIOD  FREQUENCY  (RAD/SEC) 


Figure  4 

RMS  Vertical  Path  Error 

The  rms  lateral  path  tracking  error  is  shown  in  figure  5.  It  can  be 
observed  immediately  that  the  lateral  error  is  an  order  of  magnitude  larger 
than  the  vertical  error.  For  this  reason,  more  attention  was  devoted  to 
this  mode.  The  circled  point  represents  the  unaugmented  lateral-directional 
response.  For  the  curves  shown  in  figure  5,  the  roll  and  spiral  poles  were 
specified  as  -2.5  rad/sec,  and  -.07  rad/sec,  respectively.  Three  damping 
ratios  were  specified  (.290,  .5,  .707).  For  the  family  of  three  curves,  the 
servo  poles  achieved  were  -43  rad/sec  and  -7  rad/sec.  As  more  facility  was 
gained  in  using  the  quadratic  weights  in  the  SAS  design  algorithm,  the 
actuator  state  feedback  gains  were  successful!'  reduced  and  the  servo  poles 
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restored  nearer  the  unaugmented  values.  The  fourth  curve  with  crossed 
squares  shows  the  response  for  poles  of  -12.6  rad/sec  and  -8.9  rad/sec.  As 
shown  in  this  figure,  the  rms  lateral  path  tracking  error  increased  slightly 
as  damping  was  increased,  but  the  increase  was  most  significant  as  dutch 
roll  frequency  was  increased  above  the  unaugmented  frequency.  Below  the 
unaugmented  frequency  there  is  a minimum  point  in  each  curve  near  a fre- 
quency of  1.2  rad/sec.  There  was  also  a small  variation  with  servo  poles. 

The  most  significant  reduction  in  tracking  error  was  achieved  by  increasing 
roll  and  spiral  stability.  The  spiral  stability  was  constrained  for  good 
turning  performance,  but  the  roll  stability  was  increased  until  no  further 
response  improvement  resulted,  or  until  roll  and  servo  pole  coupling 
occurred.  The  lateral  error  response  versus  the  roll  pole  is  shown  in  figure 
6. 


Figure  6 

RMS  Lateral  Path  Error  versus  Roll  Mode  Pole,  105  Knots, 
= 1.2  rad/sec,  = .29,  1/T^  = .07 


The  Oreguet  941  has  a disturbing  cross  coupling  between  the  lateral  and 
directional  modes.  The  amount  of  sideslip  error  due  to  aileron  activity  is 
a measure  of  this  coupling.  Figure  7 shows  that  the  rms  sideslip  error 
decreased  as  the  dutch  roll  frequency  was  increased.  Unfortunately,  this 
conflicts  with  the  requirements  for  optimum  lateral  path  tracking  response 
which  had  the  opposite  trend  with  frequency. 

Figure  8 shows  the  rms  lateral  path  error  versus  bank  angle  for  two 
dutch  roll  frequencies  for  the  aircraft  trimmed  on  a curved  approach  path. 
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DUTCH  ROLL  FREQ.  (RflD/SCC) 

Figure  7 

RMS  Sideslip  Error  versus  Dutch  Roll  Frequency,  105  Knots, 
1/Tp  = 2.5,  I/T3  = .07 
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For  reference,  for  this  trim  airspeed  of  194  kilometers/hour  (105  knots)  a 
horizontal  turn  with  a radius  of  762  meters  (2500  feet)  would  correspond  to 
a 21-degree  bank  angle.  This  figure  shows  that  there  is  a smaller  but  signi- 
ficant variation  in  tracking  error  with  bank  angle,  and  this  variation  is 
also  a function  of  the  specific  augmented  poles. 


BANK  ANGLE  (DEGREES) 

Figure  8 

RMS  Lateral  Path  Error  versus  Bank  Angle 
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CONCLUSIONS 


In  conclusion,  the  SAS  design  algorithm  worked  efficiently  to  provide 
accurate  pole  placement,  except  for  the  phugoid  poles,  while  yielding  low 
feedback  gains.  The  quadratic  optimal  pilot  model  compared  well  with  pre- 
vious frequency  domain  models  and  proved  to  be  an  efficient  tool  for 
calculating  the  system  gust  response.  The  gust  response  results  showed  that 
the  lateral  path  tracking  error  was  an  order  of  magnitude  greater  than  the 
vertical  error.  There  was  a plus  and  minus  50  percent  variation  in  the 
lateral  error  for  the  augmented  poles  achieved  in  this  study,  ar.d  the  lateral 
error  was  reduced  most  significantly  by  increasing  roll  stability.  The 
conflict  between  optimum  lateral  path  error  and  lateral  and  directional 
response  decoupling  implied  a design  trade-off.  The  lateral  response  error 
for  banked  flight  was  also  dependent  upon  the  specific  augmented  poles. 
Finally,  one  must  bear  in  mind  that  the  variation  in  gust  response  noted  in 
this  study  was  for  augmented  poles  which  all  lay  within  the  region  of 
acceptable  flying  qualities  as  defined  by  existing  specifications. 
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ABSTRACT 


Decisions  on  modifications  of  the  present  ATC  system  are  to  be  based 
at  least  partially  on  the  FAA's  global  requirements  for  a safe,  orderly  and 
expeditious  system.  The  difficulties  in  objectivizing  measures  for  con- 
cepts such  as  orderliness  in  recent  experimental  simulations  of  distributed 
management  alternatives  to  vectoring  have  led  to  studies  of  perceived  order- 
liness in  the  ground  tracks  of  five  A/C  during  their  simulated  flights. 

Dynamically  developing  ground  tracks  of  the  five  A/C  from  21  separ- 
ate runs  (7  conditions  x 3 runs/condition)  were  reproduced  from  computer 
storage  and  displayed  on  CRTS  to  professional  pilots  and  controllers  for 
their  evaluations  and  preferences  under  several  criteria.  The  ground 
tracks  were  developed  in  20  seconds  as  opposed  to  the  5 minutes  of  simu- 
lated flight  using  speed-up  techniques  for  display. 

Metric  and  nonmetric  multidimensional  scaling  techniques  are  being 
used  to  analyze  the  subjective  response's  in  an  effort  to  (1)  determine  the 
meaningfulness  of  basing  decisions  on  such  complex  subjective  criteria.  (2) 
compare  pilot/controller  perceptual  spaces,  (3)  determine  th«?  dimensional- 
ity of  the  subjects'  perceptual  spaces  and  thereby  (4)  determine  to  the  extent 
possible  objective  measures  suitable  for  comparing  alternative  traffic'  man- 
agement simulations  based  upon  concepts  such  as  "orderliness". 

The  work  in  progress  will  be  discussed  as  to.  the  evidence  for  consis- 
tent ability  to  make  these  complex  judgments;  indications  of  differences 
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between  pilotH  and  cortroLlers;  and  the  dimensionality  of  perc(MV(*(J  "or-d(*r*' 
liness”  and  other  criteri  . 


INTRODUCTION 


Three  alternative  ATC  systems  for  managing  terminal  air  traffic  were 
simulated  and  studied  during  1973  at  NASA-Ames  Research  renter . The  three 
alternatives  could  be  characterized  as  ground-centered  (vectoring) , air- 
centered  (advisory) , and  a -rore  moderate  division  of  control  responsibility 
(sequencing).  Of  the  thre^  systems,  sequencing  proved  superior  on  the  basis 
of  flight  performance  measures,  verbal  workload  for  pilots  and  controllers, 
and  subjective  evaluations.  ' / (3)  However,  the  FAA  criteria  for  ATC 

systems  are  that  they  be  safe,  orderly,  and  expeditiou'^  and  of  these  three 
criteria,  orderliness  is  the  most  difficuJt  to  objectivize  in  a meaningful 
fashion.  The  relative  safety  and  expeditiousness  of  the  three  simulated  sys- 
tems were  determined  from  the  flight  performance,  measures  in  the  context  of 
tne  experiment  with  the  result  that  sequencing  was  at  least  no  less  safe  nor 
less  expeditious  than  vectoring.  Because  it  is  apparently  necessary  to  accept 
the  criteria  of  ‘‘orderliness*’  as  well  in  evaluating  the  three  systems,  and 
because,  as  mentioned  above,  no  clear  objective  measures  exist  for  this  purpc»sc, 
a multidimensional  scaling  approach  using  subjective  evaluations  of  reconstruc- 
ted ground  projection  movements  of  the  5 A/C  in  the  problem  was  tried.  This 
paper  describes  the  initial  work  and  results  obtained  to  date. 


Experimentally,  it  is  necessary  to  demonstrate  whether  or  not  the  alter- 
native ATC  systems  differed  in  “orderliness”  and  if  so,  which  system  was  most 
orderly.  Since  human  observers  serve  as  the  evaluators,  it  is  more  to  the 
point  to  determine  if  any  of  the  systems  is  perceived  as  more  orderly  than  the 
others.  While  it  is  not  a priori  clear  that  it  is  meaningful  to  ask  humans  to 
assess  such  vague  qualities,  the  work  of  Pickett  in  particular  suggests 
that  in  fact  they  can  do  so  reliably  and  objectively  in  certain  situations. 


Actually,  two  features  of  the  simulations  were  important  in  evaluating 
the  results  in  addition  to  the  previously  reported  comparisontr--the  relative 
orderliness  of  the  systems  just  mentioned  and  any  bias  toward  establishing 
starting  configurations  for  the  5 A/C  which  were  more  favorable  to  accomplish- 
ing the  p'^oblem  under  some  conditions  than  others.  Foi  example,  although 
starting  positions  for  the  A/C  were  randomized  (from  a tinite  set)  among  tne 
conditions,  it  is  possible  that  the  generally  inferior  standing  of  vectoring 
could  be  due  to  less  favorably  situated  starting  positions.  Favorableness  of 
starting  position,  like  orderliness,  is  difficult  to  objectivi -e  in  an  a prion 
non-circular  fashion  and  therefore  estimates  of  “f avorableness  of  starting 
position”  were  also  obtained  from  human  observers  from  reconstructed  picture'^ 
of  the  starting  positions. 


Eleven  professional  pilots  ana  eleven  professional  controllers  ,ts 

t‘Xpi‘rt  witnesses  in  making  the  evaluations  of  favorabltMiess  of  starting  posi- 
t ion  and  order 1 i ness  of  the  flights.  As  a precaution,  none  of  the  subjects 
took  part  in  the  original  experiments  which  produced  the  data,  although  is 
anlikeiy  that  the  original  subjects  could  ri-^ail  which  of  the  displayed  gre  ur  d 
projections  and/or  starting  positions  and  ATC  alternatives  were  associated. 
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Because  pilots  and  controllers  may  be  predisposed  to  "see  things  differently" 
because  of  their  selective  professions,  this  possibility  was  investigated  as 
well. 

In  summary  then,  two  major  aspects  were  excunined: 

1-  To  what  extent  can  human  observers  make  reliable  judgments  of 
complex  features?  In  particular,  can  "orderliness"  of  a system 
and  any  predisposition  toward  a favorable  solution  of  the  flight 
problem  be  subjectively  evaluated? 

2.  Do  the  perceptions  of  the  above  features  differ  between  pilots 
and  controllers? 

The  purposes  of  these  studies  were; 

1.  To  determine  if  any  of  the  simulated  ATC  a-.ternative  systems 
was  more  orderly  than  the  others  following  the  FAA  requirements 
for  a safe,  orderly,  expeditious  system, 

2.  To  evaluate -multidimensional  scaling  as  a means  for  obtaining 
reliable  estimates  of  similar  subjective  criteria  in  lieu  of 
available  objective  measures. 

3.  To  obtain  if  possible  objective  measures  from  the  subjective 
scaling  results  to  provide  guidelines  for  directed  design  of 
other  alternative  ATC  systems  which  when  evaluated  would  possess 
a higher  degree  of  orderliness. 

methodolcx;y 

Although  three  different  ATC  systems  (vectoring,  sequencing,  advisory) 
were  evaluated  in  the  original  experiments,  the  sequencing  and  advisory  condi- 
tio.,s  each  had  three  levels  of  predictor  information  displayed  on  the  pilots* 
tratfic  situation  displays:  no  groun**  path  flight  predictors;  a 30  sec.  path 

predictor  on  own  A/C  only;  30  sec.  pati  predictor  on  all  5 A/C.  Thus,  there 
were  7 different  conditions.  Sufficient  data  was  stored  from  the  original 
experiments  to  reconstruct  the  ground  projected  movements  of  all  5 A/c  in 
dynamic  fashion.  Three  runs  of  each  of  the  7 conditions  (from  one  of  the 
three  original  groups  of  pilots  and  controllers)  were  selected  and  presented 
to  the  human  observers  in  paired  comparison  fashion  on  CRTS.  The  subject 
observers  were  not  aware  of  the  number  of  conditirns  nor  the  multiple  runs 
precondition.  The  basic  format  for  eliciting  the  subject  responses  was: 

1.  A pair  of  runs  was  presented  simuJ taneously  on  a CRT.  Each  run 
showed  5 triangular  A/C  symbols.  The  original  5 minute  run  was 
speeoed  up  to  20  sec.  Fach  run  was  framed  in  a box  so  that  the 
two  boxes  appeared  side  by  side  on  tne  CRT. 

2.  The  starting  configurations  remained  stationary  for  S sec. 
during  which  the  subject  marked  on  a precoded  sheet  in  effect: 
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(1)  "regarding  the  favorableness  of  the  two  starting  configura- 

tions, if  the  two  appear  identically  similar,  write  "9";  if  they 
did  not  appear  similar  at  all,  write  Write  any  integer 

between  (0,9)  to  express  the  degree  of  similarity  of  the  favor- 
ableness  of  starting  position." 

(2)  "which  one  of  the  pair  is  more  favorably  situated  (left  or 
right)?" 

3.  After  the  5 sec.  allowed  to  record  the  above,  the  run  commenced. 
The  two  runs  were  normalized  to  start  and  stop  together  in 
exactly  20  sec.  Subjects  saw  the  5 A/C  symbols  move  from  their 
starting  positions  to  their  final  positions  for  eacx*  run  of  the 
pair  simultaneously.  10  seconds  were  allowed  before  the  next 
run  during  which  the  subject  marked  on  a precoded  sheet  in 
effect:  (1)  "regarding  the  orderliness  of  the  tv;o  runs,  if  the 

two  appeared  identically  similar  write  "9",  if  they  did  not 
appear  similar  at  all,  write  "0".  Write  any  integer  between 
(0,9)  to  express  the  degree  of  similarity  of  the  orderliness  of 
the  two  runs- 

(2)  "which  one  of  the  pai'-  was  more  orderly  (left  or  right)? 

Presentation  of  all  210  pairs  of  the  21  runs  required  about  3 hours  with 
rest  periods  every  70  presentations.  Subjects  were  familiarized  with  the 
notion  of  judging  similarity  within  each  pair  on  a scale  of  0 to  9 and 
received  trial  runs  outside  the  selected  set  for  practice.  Subjects  saw  a3 1 
21  runs  individually  prior  to  making  the  210  pair  comparison  runs  in  order  to 
establish  the  range  of  the  presentations. 

The  results  of  the  scaling  were  analyzed  by  INDSCAL  computer  programs 
developed  by  Carroll  and  Chang The  INDSCAL  acronym  stands  for  Individual 
Differences  in  Scaling  and  assumes  basically  that  there  is  a common  perceptual 
space  which  all  the  subjects  share  but  that  each  subject  differs  by  the 
amount  of  importance  or  weighting  attached  to  each  dimension  of  this  common 
space . 

This  multidimensional  scaling  approach  seeks  co  present  a literal  picture 
of  the  subjective  space  in  which  the  (21)  alternatives  in  question  are 
arranged  in  a geometric  configuration  such  that  the  metric  distance  between 
alternatives  measures  their  perceived  similarity.  The  closer  together  any 
two  objects  are,  the  more  similar  they  are.  INDSCAL  also  produces  a literal 
picture  of  the  subjects  themselves  arranged  in  the  same  dimensional  space 
such  that  their  relative  position  along  each  axis  represents  the  relative 
weighting  each  attaches  to  that  dimension.  It  is  thus  possible  to  make 
simultaneous  comparisons  among  the  alternatives  as  well  as  among  the  "per- 
ceivers"  from  a single  program.  Other  programs  are  being  used  to  determine 
the  relative  ordering  by  each  subject  of  the  21  runs  on  "orderliness"  and 
"favorableness  of  starting  position." 

It  should  be  remarked  here  that  it  would  have  been  impossible  for  a 
subject  to  '^ank  order  each  run  on  a single  scale  of  orderliness  for  example 
because  the  dynamic  method  of  presenting  the  ground  projections  precluded 
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the  usual  "juggling"  of  the  set  of  alternatives  by  the  subject  to  an  accep- 
table order.  Also,  although  each  single  run  could  presumably  be  scaled  from 
(0,9)  and  rank  order  then  determined,  little  information  is  obtainable  from 
this  regarding  the  dxmensions  of  orderliness.  The  paired  comparison  format 
is  an  easy  and  fairly  natural  method  for  evaluation  and  the  analysis  by 
INDSCAL  can  provide  insightful  information. 

Because  it  is  unwise  to  depend  entirely  on  the  results  of  any  single 
scaling  program,  a nonmetric  program was  also  used  to  analyze  the  data  in 
a slightly  different  fashion  for  supporting  purposes  to  establish  whether  or 
not  the  subjects  were  responding  randomly  or  not. 

DATA  ANALYSIS 

The  similarities  data  were  analyzed  using  both  nonmetric  and  metric 
multidimensional  scaling  algorithms  on  the  DEC  SYSTEM  10  at  Tufts  University. 
These  programs  are  described  below. 

Nonmetric  Algorithm 

The  nonmetric  algorithm  used  in  our  analysis  was  written  by  Prof.  F.  E. 
Curry  of  M.I.T.  This  program  accepts  a triangular  input  matrix  containing 
the  proximities  data  from  one  subject.  The  order  of  the  input  matrix  is  equal 
to  the  number  of  stimuli(f\)and  the  rank  order  of  a matrix  element  djK^  is 
assumed  to  be  a measure  of  the  amount  of  similarity  between  stimulus  j and 
stimulus  k.  Thus,  the  algorithm  requires  only  that  the  data  be  at  least 
ordinal  scaled. 

The  objective  of  the  analysis  is  to  represent  the  stimuli  as  points  in 
an  r dimensional  euclidean  space  such  that  r is  the  minimum  number  of  dimen- 
sions for  which  the  rank  order  of  the  inter  stimulus  distances  djj^  can  be  made 
equal  to,  or  closely  match,  the  rank  order  of  the  corresponding  data  element 
djK^  . Bennet  and  Hays  have  shown  that  a configuration  whose  distances  are 
monotone  with  even  the  most  complex  set  of  data  on  n stimuli  exists  in  a 
space  of  no  more  than  n-1  dimensions. 

The  process  of  nonmetric  multidimensional  scaling  upgrades  the  data  from 
an  ordinal  scale  toward  a ratio  scale  in  the  sense  that  it  applies  a set  of 
n(n-l)/2  rank  order  constraints  to  the  euclidean  distances  between  n points 
represented  as  nr  coordinates.  As  the  number  of  constraints  increases  rela- 
tive to  the  number  of  coordinates,  the  allowable  values  of  the  coordinates 
become  increasingly  restricted.  By  finding  the  lowest  solution  dimensionality 
r which  permits  a satisfactorily  monotone  fit  to  the  data,  one  maximizes  the 
ratio  of  constraints  to  coordinates  and  therefore  maximally  upgrades  the  data 
toward  a ratio  scale. 

Since  the  existence  of  a satisfactory  configuration  for  n stimuli  is 
guaranteed  in  n-1  or  fewer  dimensions,  the  problem  is  to  find  the  configura- 
tion. The  nonmetric  program  first  reads  and  stores  the  observed  proximities 
data.  The  rank  of  each  proximity  datum  pair  is  determined.  If  a group  of 
elements  have  equal  numerical  value,  each  of  the  tied  elements  is  assigned  the 
same  median  rank.  For  example,  if  five  elements  have  the  value  of  zero  and 
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no  elements  are  in  the  set  ol  lower  value,  then  each  of  the  five  elements  is 
assigned  the  median  rank  value  of  3. 

The  program  then  obtains  an  r dimensional  initial  stimulus  configuration 
of  coordinates  where  the  first  subscript  denotes  the  stimulus  and  the 

second  subscript  denotes  the  dimension.  This  may  be  accomplished  by  one  of 
three  available  techniques.  The  initial  coordinates  may  be  read  in  as  data; 
they  may  be  produced  by  a random  number  generator;  or  they  may  be  generated 
from  the  proximities  data  by  a procedure  devised  by  Guttman  and  Lingoes ' 

The  Guttman  Lingoes  procedure  was  used  in  our  analysis. 

The  initial  configuration  serves  as  a starting  point  for  an  iterative 
process  which  hunts  for  the  best  fitting  stimulus  configuration.  The  first 
step  translates  the  origin  of  the  coordinate  system  to  the  centroid  of  the 
assumed  stimulus  configuration.  The  coordinates  are  then  scaled  by  dividing 
each  coordinate  by  the  mean  of  the  distances  from  the  origin  to  the  stimulus 
points.  The  distances  between  stimulus  points  are  calculated  and  ranked. 
At  this  point,  the  optioA  of  reassigning  ranks  within  groups  of  tied  elements 
in  the  set  of  observed  data ^ was  used  to  produce  maximum  agreement  between 
the  rank  values  of  the  observed  data  and  the  corresponding  calculated  dis- 
tances. If  this  option  is  not  elected,  each  element  within  a tied  group 
retains  the  group's  median  rank  value,  implying  that  the  calculated  distances 
corresponding  to  these  elements  ought  to  have  equal  values.  The  rank  values 
of  the  elements  in  the  observed  data  are  then  compared  with  the  rank 

values  of  the  corresponding  calculated  inters timulus  distances  R(d  ) to 
determine  the  rank  discrepance  ^ 


The  rank  stress  s for  the  stimulus  configuration  may  now  be  calcutased 
by  the  formula  , 


. -(t  t 


'3k  - ' 

This  is  a measure  of  the  goodness  of  fit  between  the  observed  data  and 

the  model.  The  rank  stress  is  related  to  the  Spearman  rank  correlation 

coefficient  r by  the  formula 
s 


The  final  step  in  an  iterative  cycle  is  to  determine  a better  fitting 

stimulus  configuration.  An  error  gradient  q.^  is  calculated  for  each 

coordinate  x.^  ^ 

Dt 
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The  new  coordinate 
equation 


is  calculated  from  the  old  coordinate  x . 

Dt 


by  the 


jt  ■'  %it 


(S) 


The  value  of  c,  the  step  size  at  each  iterative  cycle,  is  a function  of  the 
rate  of  convergence  of  the  solution  as  indicated  by  the  history  of  the  rank 
stress  in  previous  iterative  cycles. 


The  iterative  process  may  be  terminated  upon  completing  a preselected 
number  of  iterations  or  upon  reaching  a preselected  value  of  rank  stress, 
whichever  occurs  first.  The  final  configuration  is  then  rotated  to  a princi- 
pal components  solution,  with  the  dimensions  ordered  by  the  proportion  of 
variance  accounted  for  by  the  dimension. 


Fifty-five  sets  of  proximities  data  were  analyzed  in  10,8,6,4  and  2 
dimensions  by  the  nonmetric  program.  Each  solution  was  obtained  by  performing 
30  iterations  of  the  algorithm.  There  were  eleven  sets  of  observations  for 
each  of  the  following  four  categories:  pilots*  judgments  on  the  degree  of 

similarity  of  difficulty  of  the  starting  configuration  of  the  landing  simu- 
lation, controllers*  judgments  on  the  same;  pilots*  judgments  on  the  similarity 
of  orderliness  of  the  dynamically  displayed  movements;  and  controllers* 
judgments  on  the  same.  In  addition,  eleven  sets  of  data  were  produced  by  a 
random  number  generator  such  that  the  random  sets  contained  the  required 
number  of  elements,  uniformly  distributed  in  the  same  range  as  the  data  from 
the  pilots  and  controllers.  These  eleven  random  sets  were  also  processed  by 
che  algorithm  for  comparison  with  the  real  data. 


The  results  of  the  nonmetric  analysis  are  presented  in  Figure  1.  The 
figure  shows  the  means  of  the  rank  stress  and  corresponding  Spearman  rank 
correlation  coefficients  for  the  five  classes  of  data  as  a function  of  tb^ 
number  of  dimensions  in  the  solution.  The  ordinates  are  measures  of  the 
degree  to  which  the  nonmetric  models  agree  with  the  data. 


The  standard  deviations  about  the  plotted  means  are  not  shown.  However, 
^hey  were  quite  uniform  at  each  solution  dimensionality,  varying  from  about 
for  the  10  dimensional  solutions  to  about  40,  for  the  2-dimensional 
solutions. 


The  most  striking  feature  of  Figure  1 is  that  the  stresses  for  solutions 
resulting  from  the  four  classes  of  data  from  real  subjects  group  closely 
together,  whereas  the  stress  for  the  solutions  resulting  from  data  in  which 
the  ranks  were  randomly  assigned  are  much  higher.  The  difference  between  the 
random  sets  and  each  of  the  other  sets  was  significant  beyond  the  .1%  level. 

Although  there  was  no  statistical  difference  (at  the  .1%  level)  between 
pilots  and  controllers,  at  each  dimension^ the  curves  do  suggest  a slight 
difference  such  that  controllers  were  uniformly  slightly  less  consistent  in 
making  their  judgments  Lnan  were  the  pilots.  (An  Analysis  of  Variance  would 
probably  confirm  this  observation.) 
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DIMBNSIONAUTY  Of  SOLUTION 


Figure  1 Rank  Stress  and  Spearman  Rank  Correlation  Coefficient 
Resulting  from  Nonmetric  Scaling  of  Similarities  Data. 

These  curves  show  the  typical  result  that  the  "fit"  becomes  better  as 
more  dimensions  are  permitted  even  f:>r  the  random  data.  However,  it  is 
possible  to  conclude  f;.om  this  limited  normetric  analysis  that  in  fact  the 
subjects  were  responding  with  a fair  degree  of  consistency  in  making  their 
paired  comparison  judgments  of  similarity.  The  minimum  dimensionality  of 
their  perceptual  spaces  for  a satisfactory  fit  (each  was  analyzed  separately) 
appears  to  be  on  the  order  of  5-8  dimensions.  (Actually  the  Guttman-Lingoes 
portion  of  the  program  indicated  conservatively  10  dimensions  as  an  adequate 
number . ) 


Metric  Algoritlun 

The  metric  algorithm  used  for  analysis  is  the  INDSCAL  program  written  by 
Carroll  and  Chang  of  Bell  Laboratories.  This  algorithm  is  described  in  detail 
in  references  5,  9 and  10.  However,  a brief  description  is  given  below, 

INDSCAL  is  a metric  algorithm  since  one  of  its  underlying  assumptions  is 
that  the  data  are  interval  scaled.  Figure  2 is  a representation  of  the  input 
data. 
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Figure  2 The  Three-Way  Input  Data  Matrix  of  Similarities  for  INDSCAL. 

Subjects  are  Numbered  (1-m) . Stimuli  Numbered  (1-n) . 

The  input  is  in  the  form  of  a three-way  matrix  (n  by  n by  m)  of  proximi- 
ties data  elements  • The  value  of  an  element  is  assumed  to  be  an  estimate 
of  the  amount  of  similarity  between  stimulus  j and  stimulus  k as  judged  by 
observer  i. 


The  INDSCAL  model  is  described  by  the  following  equations. 

where  L^t!  J is  a linear  operator  and  the  distances  djit  in  the 
space  are  given  by 


in  the  stimulus 


ii)  r’' 


This  model  gives  a representation  of  observed  data  as  stimulus  coordinates 
x.^  in  a stimulus  space  which  is  common  to  all  observers.  In  addition,  a set 
oi  individual  subject  weights  are  determined  which  scale  dimension  t in 

the  stimulus  space  according  to  subject  i*s  perception.  The  common  stimulus 
space  X and  the  subject  weights  may  be  used  to  generate  a stimulus  space 
^nich  is  appropriate  to  subject  i. 


= i^it)  yjt  («) 

The  output  from  the  INDSCAL  program  is,  therefore,  a rectangular  array  of 
stimulus  coordinates  x.^  and  a second  rectangle  array  of  subject  weights  w^ 
as  represented  in  Figure  3.  ^ 

The  analysis  begins  by  adding  a constant  c^  to  each  element  ojf  . 

subject  i*s  data  to  approximate  a set  of  ratio-scaled  observed  distances 
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Figure  3 The  Two  Output  Matrices  from  INDSCAL.  A Group  Stimulus  Space 

Matrix  and  the  Individual  Subject  Weights  on  each  Dimension  are 
Produced  Simultaneously. 


The  constant  c^  is  given  by 


L 


a) 


00) 


m, 

and  has  the  effect  of  insuring  that  the  triangular  inequalities  are  satisfied. 

A three-way  scalar  products  matrix  is  then  constructed  from  the 

observed  distances  using  Torgetson ' s equation 


ill) 


i ' k ) k 

The  scalar  products  matrix  is  now  used  to  obtain  t.ie  stimulus  coordinates 

and  subject  weights  by  canonical  decomposition.  This  process  attempts  to 
express  the  elements  of  the  scalar  products  matrix  as  the  sum  (over  dimen- 
sions) of  a three  factor  product: 

= Z '*>it  ui) 

An  initial  stimulus  configuration  is  either  input  by  the  analyst  or 
generated  by  a random  number  generator.  The  decomposition  is  accomplished 
by  repetition  of  a three  step  iteration  cycle  until  a preselected  number  of 
cycles  have  been  performed  or  until  successive  cycles  fail  to  increase 
significantly  the  variance  in  the  scalar  products  matrix  which  is  accounted 
for  by  the  model. 

The  first  step  in  a cycle  is  described  by  rewriting  equation  (12)  as: 


b‘‘>= 

c: 

where; 

-J 

t 

- 

C^>  (M) 
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This  may  be  written  in  matrix  form  as: 

The  least  squares  solution  W for  the  weight  matrix  W is: 

w = V'  (I-.;, 

In  the  second  step,  and  held  constant  and  improved  values  for 

/ are  sought-  The  scalar  products  matrix  is  expressed  as: 

^ 

b.-,,  ^ t 


where : 


hut  ^ 

<.R> 

This  may  be  expressed  in  matrix  notation  as: 

e>  - X 

co  ^ 

The  least  squares  solution  for  is  given  by: 

CO  (O 


av><4'.  u.  = vv\  C V- 0 1 W 


in) 


The  estimate  of 


= BHCh'^hV  08^ 

is  improved  in  the  third  step,  which  follows  the  argu- 
ments of  the  first  two  steps. 

Although  no  explicit  constraint  is  applied  to  insure  that  equal 
during. the  decomposition  process,  the  symmetry  of  the  scalar  products  matrix 
insures  that  the  two  matrices  of  stimulus  coordinates  will  be 
equivalent  in  the  sense  that: 

X = C 

CO  j9) 

:x  V c X 

where  C is  an  r by  r matrix  with  nonzero  diagonal  elements. 


INDSCAL  runs  were  made  on  the  observed  proximities  data  to  produce  solu- 
tions in  dimensionalities  from  2 through  5.  Both  the  observations  on 
starting  configurations  and  those  on  orderliness  were  studied  by  examining 
solutions  resulting  from  three  separate  subject  groupings:  the  eleven  pilots 

as  a group;  the  eleven  controllers  as  a group;  and  all  twenty-two  subjects 
combined . 


Table  1 summarizes  the  percentage  of  variance  in  the  data  accounted  for 
by  each  dimension  of  the  INDSCAL  runs  done  by  grouping  both  pilots  and  con- 
trollers together.  Results  from  both  "favorablenoss  of  starting  position" 
and  "orderliness  of  the  flights"  are  presented.  Similar  data  was  obtained 
for  pilots  and  controllers  as  two  distinct  groups  and  in  general  appears 
quite  similar  to  that  shown. 
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Table  1 

PER  CENT  OF  TOTAL  VARIANCE 
ACCOUNTED  FOR  BV  INDSCAL  SOLUTIONS 


ORDER  data 


dimensions 


>> 

•4^ 

1 

2 

3 

4 

5 

total 

^ c 1 

§ ^ 

13.  1 

|l0.  4 

7.  1 

6.  5 

6.  0 

43.  0 I 

.9  c ^ 

l.§  ' 

14.0 
14.  5 

10.  9 
12.  4 

8.  6 

8.  2 

5.  9 

39.  4 J 
35.0  j 

” ^ 2 

17.  5 

13.0 

1 

30.  5 j 

START  DATA 

>> 


dimensions 
2 3 


5 15.  2 
4 13.5 
3 16.  1 
2 17.4 


13.  2 
13.  4 

4 

12.  9 
'15.  1 


total 
46.  0 
44.  0 
40.  0 
32.  5 


The  total  percentage  of  variance  accounted  for  by  a solution  is  computed 
as  the  sc^upre  of  the  correlation  between  the  elements  of  the  scalar  products 
matrix  (equation  11)  and  ti'.e  corresponding  element  (right  side  of 

equation  12)  resulting  from  the  INDSCAL  solution.  The  variance  accounted  for 
by  each  dimension  t is  computed  by  multiplying  the  total  variance  percentage 
by  the  fraction  f^  of  the  total  sum  of  squares  of  subject  weights  w whic)i 
originates  from  dimension  t. 

Fo) 


Increasing  the  number  of  dimensions  increases  the  variance  accounted  for 
which  is  typical.  The  dimensions  themselves  are  ordered  in  descending 
fashion  on  the  amount  of  variance  accounted  for  so  that  dimension  1 of  the 
4 and  5 dimensional  solution,  for  example,  is  not  necessarily  the  same. 
Further  analyses  are  required  in  order  to  identify  the  meaning  of  each 
dimension* 
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A great  virtue  of  INDSCAL  is  its  ability  to  provide  a subject  configur- 
ation which  IS  interpretable  in  several  v;ays.  Distance  from  the  origin 
corresponds  to  the  degree  of  fit  between  the  subject’s  original  data  and  that 
derived  from  applying  his  set  of  weights  on  each  axis  to  the  general  solution. 
A subject  at  the  (1,1)  coordinate  in  a 2 dimensional  space,  for  example, 
indicates  perfect  agreement  between  data  and  its  reconstruction,  while  a 
subject  at  the  origin  indicates  no  agreement. 

To  test  for  the  amount  of  ’’randomness"  in  the  subject  data  a subject 
similarity  matrix  made  of  randomly  assigned  integers  was  included  in  the 
total  group  analysis  as  a check  similar  to  the  check  procedure  used  in  the 
nonmetric  analysis. 

Figure  4 shows  the  plots  of  the  subject  spaces  w^^  for  two  dimensional 
INDSCAL  models  of  starting  configuration  data  and  orderliness  data,  respec- 
tively. Each  of  these  runs  included  all  twenty-two  pilots  and  controllers 
as  well  as  one  random  "subject.” 

It  is  clear  that  the  subjects  are  in  fact  considerably  removed  from  the 
random  subject,  indicating  that  they  appear  able  to  make  internally  consistent 
judgments  to  a significant  extent  on  orderliness  of  the  flights,  for  example. 
In  this  2 dimensional  solution,  the  correlation  between  data  and  the  model 
was  approximately  0.12  for  the  random  subject,  while  the  actual  subjects  had 
a median  correlation  of  about  .58. 

There  is  a suggestion  (not  yet  tested)  that  pilots  attached  more  impor- 
tance to  the  second  dimension  of  the  start  data  than  did  the  controllers  in 
this  two  dimensional  analysis,  indicating  a possible  difference  in  pilots* 
and  controllers*  perception  of  a favorable  starting  position.  No  clear  dis- 
tinction is  present  between  the  pilot  and  controller  perceptions  of  orderli- 
ness. 


Figure  5a  shows  the  stimulus  space  x.  for  a two  dimensi'-'nal  model  of 
starting  configuration  data  taken  from  th^  eleven  pilots.  Figure  5b  is  the 
equivalent  plot  resulting  from  the  controllers'  data.  Figure  6 is  the  two 
dimensional  stimulus  space  resulting  from  combining  the  starting  configura- 
tion data  from  all  twenty-two  subjects  in  one  run. 
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Figure  4 Two  Dimensional  INDSCAL  Subject  Spaces  from  Judgments  on  Favorablrness  and  Orderliness 
Random  Data  Results  are  Inc3uded  for  Comparison. 


if 


518 


f 


% 


Groups  Analyzed  Separately.  A High  Degree  of  Organizational  Correspondence  is  Indicated 
Particularly  if  Pilot  Axes  1 and  2 are  Interchanged. 


0 VECTORING  N NO  PREDICTOR 

H SEQUENCING  0 OWN  PREDICTOR 

■ ADVISORY  A ALL  PREDICTOR 

NUMERALS  INDICATE  REPLICATION  I 


STIMULUS  SPACE:  start  data 
2 DIM  SOLN 

AXIS  1 : HOK  AXIS  2:  VERT 


T‘wo  Dimonsional  cjroup  i>t.imulas  t*  tor  Pilots  and  Controllers 

tvimbiniHl.  The  hoxt.»d  Stimuli  may  be  Compared  in  Figures  S and  6. 
v:iuster  Patterns  by  Condition  Should  be  Evident  for  Start  Data 
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The  same  four  stimulus  items  appear  in  the  box  in  the  upper  right 
quadrant  of  each  oroup  plot.  Since  each  analysis  was  independently  derived, 
this  indicates  that  the  data  generated  by  each  group  results  in  very  similar 
pjrceptual  models  demonstrating  that  the  complex  stimuli  were  very  similarly 
perceived  by  the  subjects.  It  the  pilots'  configuration  were  rotated  about 
the  dotted  line,  the  pilot  and  controller  plots  would  almost  identical. 

Fiaure  6 shows  the  analysis  of  the  combined  pilot-controller  data  and  is 
quite  similar  to  the  individual  group  plots. 

Two  aspects  of  the  plots  are  important.  The  first  is  that  there  does 
not  seem  to  be  any  strong  pattern  of  the  stimuli  within  each  plot.  For 
example,  the  vectoring  runs  were  not  perceived  as  being  simi''arly  situated 
for  favorableness  of  starting  position  as  shown  by  f eir  spreaa  on  each  plot. 
The  'Vseetter  shot"  pattern  is  in  fact  an  indication  ^har  the  fa/orcibleness  of 
starting  positions  was  more  or  less  evenly  distributed  among  the  conditions 
as  intended.  This  is  important  since  there  were  no  a priori  measures  avail- 
able for  evaluating  this  possibility.  The  second  aspect  is  that  th -:re  was  in 
fact  soiie  s:>rt  of  difference  in  perceived  starting  position  f avoreuleness  as 
shown  by  the  similarity  of  the  two  independent  plots  and  by  rhe  individual 
subject  correlation  coefficients  differing  from  that  obtained  from  random 
subjects. 

Figures  7a,  7b  and  8 correspond  to  Figures  5a,  5b  and  6 respectively 
except  that  the  orderliness  data  plots  are  presented  instead  of  starting 
configuration  data. 

As  in  the  previous  figures,  these  riots  show  considerable  consistency 
among  themselves.  The  mann  in  which  some  of  the  stimuli  are  grouped 
together  constitutes  another  notable  feature  of  tnese  plots.  The  three 
advisory-own  predictor  runs  (rectangles  01,  02,  03)  group  closely  together  in 
the  lower  right  quadrant  cf  these  figures.  Likewise  tne  sequencing-own 
predictrr  runs  (hexagons  O'*  , 02,  03)  and  the  sequencing-all  predictors  runs 
(hexagons  Al,  A2,  A3)  seem  to  be  grouped  together,  suggesting  some  consis- 
tency in  the  degree  of  orderliness  of  these  similar  conditions.  This  might 
be  further  evidence  that  predictors  tend  to  reduce  variability,  in  this  case, 
of  orderliness.  Again,  the  3 vectoring  runs  (circles)  are  well  separated 
evidencing  their  low  inter-similarity  of  orderliness.  It  is  not  possible  at 
this  stage  to  say  which  conditions  were  perceived  as  more  orderly,  although 
this  ctnalynis  is  in  progress. 
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Analyzed  Separately.  A High  Degree  Organization  Correspondence  is 
ilarly  after  Rotation  of  about  45  of  the  Pilot  Configuration. 
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STIMULUS  SPACE:  ordcr  data 
2 DIM  SOLN 

AXIS  1 : HOR  AXIS  2:  VERT 


Figure  H Two  Dimensional  Group  Stimulus  Space  for  Pilots  and  Controllers 
Combined.  A High  Degree  of  Similarity  between  Runs  of  the  Same 
Predictor  Conditions  is  Evident.  Similarity  of  the  Three 
Vectoring  Runs  is  Low. 
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DISCUSSION 

The  most  immediate  conclusion  to  be  drawn  from  these  analyses  is  that 
subjects  can  perceive  orderliness  and  favorabieness  of  start  positions  consis- 
tently even  though  no  objective  measures  or  definitions  were  specified  for 
these  complex  criteria-  This  strengthens  the  concept  of  including  human 
observers  as  system  measuring  devices  along  with  more  traditional  “objective" 
measures.  Furthermore,  there  did  not  seem  to  be  any  great  amount  of  differ- 
ence between  the  perceptual  spaces  of  pilots  and  controllers  in  either  of  the 
two  types  of  judgments,  suggesting  that  perception  was  not  strongly  colored  by 
occupation - 

It  is  probably  safe  to  conclude  that  the  lack  of  any  strong  patterns 
among  the  conditions  in  the  start  data  implies  a more  or  less  equally  distri- 
buted a prion  difficulty  of  performing  the  task  as  intended.  The  opinion  of 
the  expert  witnesses  must  be  taken  as  “truth"  in  place  of  any  noncircular 
objective  measures.  Thus  more  confidence  can  be  placed  in  the  comparisons 
based  on  objective  measures  reported  in  previous  papers,  e.g.,  the  generally 
inferior  performance  of  vectoring  was  not  attributable  to  any  predisposition 
toward  a more  difficult  problem  based  upon  the  starting  configurations. 

On  the  other  hand,  the  evidence  of  some  clusters  of  the  three  runs  from 
the  same  nonvectoring  conditions  in  plots  of  perceived  orderliness  does  seem 
to  indicate  that  these  conditions  produced  similarly  "orderly"  flights.  (The 
subjects  were  not  aware  of  the  conditions  generating  the  runs  or  that  there 
were  even  multiple  runs  (3)  under  the  same  condition.)  It  is  not  expected 
chat  all  runs  from  a given  condition  be  perceived  identically  because  of  the 
natural  variability  in  such  realistic  stimuli.  However,  again  in  spite  of 
what  might  appear  to  be  an  impossible  task,  subjects  did  perceive  differences 
in  orderliness  in  a fairly  consistent  fashion  among  the  21  flights. 

The  size  of  the  triangular  clusters  obtained  by  connecting  the  3 ri  * 
from  the  same  conditions  is  a rough  measure  of  variability  of  the  percc i 
stimuli.  The  triangular  clusters  are  about  the  same  size  for  the  start  ^ i 
indicating,  as  mentioned  above,  approximately  equally  distributed  difficult/ 
of  start  positions  as  desired.  However,  the  size  of  the  triangular  clusters 
for  orderliness  are  much  smaller  when  predictors  are  used,  indicating  again 
the  reduced  variability  typically  associated  with  predictors.  Further 
analysis  will  reveal  the  relative  ordering  of  the  conditions  on  the  two 
judgments  to  determine  which  of  the  conditions  is  judged  most  orderly,  for 
•jxample. 

The  percentage  of  the  total  variance  in  the  data  accounted  for  by  the 
nonmetric  solution  (Figure  1)  is  generally  hight*r  than  in  the  metric  solution 
((INDSCAL).  The  5 dimensional  metric  solution  produced  a correlation  of 
about  0.68  between  model  and  data,  while  the  nonmetric  solution  of  the  sane 
dimensionality  produced  a Spearman  coefficient  of  0.93,  It  should  be 
remembered  that  the  nonmevric  solution  operates  on  a single  subject’s  data  at 
one  time  and  is  thus  able  to  "tailor"  a fit  bettor,  whereas  INDSCAL  produces 
a simultaneous  solution  common  to  an  entire  group.  The  correlations  between 
the  orderliness  data  and  model  for  the  pilots  (as  derived  from  INDSCaL) 
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ranged  from  ,447  to  .034  for  the  two  uimensional  solution  witi;  similar 

for  controllers  and  similar  results  for  the  start  data.  (The  random  *‘sur:ect“ 

had  a correlation  of  only  0,11  approximately  by  comparison.) 

The  dominance  data,  gathered  concurrently  with  the  proximity  data,  will 
bo  analyzed  externally  in  the  stimulus  solution  to  determine  each  subject’s 
preference  order  using  a program  such  as  PREFftAP  by  Carroll  and  Chang  of  Bell 
laboratories . In  addition,  the  original  15  objective  measures  are  also  being 
used  with  INDSCAL  to  produce  an  ’’objective"  configuration  of  the  21  stimuli 
runs  for  comparison  with  the  subjective  perceptual  spaces  aj  well  as  produce 
indications  of  similarity  among  the  measures  themselves.  An  important  goal 
of  this  project  is  to  identify  if  possible  the  dimensions  of  the  perceptual 
space  as  a means  of  objectivizing  complex  criteria  such  as  orderliness  for 
future  use. 


SUMMARY 

Analyses  of  the  similarities  data  on  f v^^orableness  of  starting  position 
and  orderliness  of  the  flights  (two  complex  criteria  for  which  objective 
measures  do  not  exist  yet)  indicate  that  this  data  gathered  from  subject 
observers  was  generated  by  an  internally  consistent,  nonrandom  process^ 
Comparisons  of  the  separately  derived  pilot  and  controller  perceptual  spaces 
indicate  a high  degree  of  perceptual  similarity  between  the  two  groups  m 
spite  of  their  different  professions. 

The  three  runs  of  each  of  the  seven  conditions  were  judged  about  the 
same  in  terms  of  favorableness  of  starting  configurations  (as  originally 
intended)  so  that  differences  in  the  objective  analyses  among  the  conditions 
do  not  depend  upon  any  preferential  bias  toward  easier  solution  because  of 
starting  configurations.  On  the  other  hand,  marked  differences  appear  in  the 
judged  orderliness  of  the  flights  in  the  seven  conditions.  The  three  runs 
of  any  of  the  four  predictor  conditions  were  judged  more  similar  in  orderli- 
ness than  the  runs  from  any  non-predictor  condition  (vectoring,  sequencing- 
no  predictor,  advisory-no  predictor),  which  adds  further  evidence  that  pre- 
dictors tend  to  reduce  variability.  The  run  similarity  in  orderliness 
between  the  own  predictor  and  all  predictor  conditions  was  about  the  same. 

It  is  concluded  that  human  observers  can  be  used  for  obtaining  fairiy 
consistent  evaluations  of  complex  stimuli  using  ill  defined  though  commcnxy 
used  important  criteria.  Analysis  is  theicfore  continuing  to  determine  the 
reicitive  ordering  of  tlie  stimuli  undc*r  tn»‘  two  criteria  to  supplement  com- 
parison results  of  the  ATC  systems  using  objt'ctive  moaL->ures  and  to  icontify 
the  dimensions  of  the  perceptual  spaces  obtained. 
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SLUSHY  WEIGHTINGS  lOR  THE  OPTIMAL 
PILOT  MODEL 

James  D.  Dillow,  Douglas  G.  Picha,  Ronald  0.  Anderson 

ABSTRACT 


A pilot  mod''l  is  described  which  accounts  for  the  effect 
of  motion  cues  in  a well  defined  visual  tracking  task.  The 
effect  of  visual  and  motion  cues  are  accounted  for  in  the  model 
in  two  ways.  First,  the  observation  matrix  in  the  pilot  model 
is  structured  to  account  for  the  visual  and  motion  inputs 
presented  to  the  pilot.  Secondly,  the  weightings  in  the 
quadratic  cost  function  associated  with  the  pilot  model  are 
modified  to  account  for  the  pilot's  perception  of  the  variables 
he  considers  important  in  the  task.  Analytic  results  obtained 
using  the  pilot  model  are  compared  to  experimental  results  and 
in  general  good  agreement  is  demonstrated.  The  analytic  model 
yields  small  improvements  in  tracking  performance  with  the 
addition  of  motion  cues  for  easily  controlled  task  dynamics 
and  large  improvements  in  tracking  performance  with  the  addi- 
tion of  motion  cues  for  difficult  task  dynamics. 

INTRODUCTION 


The  fact  that  motion  cues  can  have  a significant  effect 
on  tracking  performance  has  been  demonstrated  (Refs  1 and  2). 

In  fact,  in  Ref  2 a set  of  plant  dynamics  is  given  for  which 
it  was  found  that  tracking  was  only  possible  when  motion  was 
present.  Thus  it  is  clear  that  in  certain  cases,  the  eifect 
of  motion  cues  must  be  accounted  for  in  a realistic  pilot- 
vehic  le  analysis  . 

An  approach  is  suggested  in  Ref  3 In  Ref  3,  experimental 
results  are  used  to  develop  a relation  between  the  lead  time 
constant  and  the  time  delay  in  the  pilot  model  for  the  case 
wnere  no  motion  is  present.  A separate  relation  between  the 
lead  time  constant  and  the  time  delay  is  developed  for  the 
case  where  the  motion  is  present.  The  basic  idea  is  that  as 
the  lead  time  constant  decreases,  the  time  delay  decreases. 

With  motion,  a further  decrease  in  the  time  delay  results. 

The  idea  of  a reduced  time  delay  in  the  presence  of  correct 
motion  cues  is  substantiated  by  the  data  of  Ref  1.  Reference 
1 contains  experimentally  derived  pilot  transfer  functions 
with  and  without  motion  cues.  A comparison  of  the  pilot 
transfer  functions  show  that  the  high  frequency  phase  droop 
is  decreased  with  motion  cues.  Yet  the  shape  of  the  amplitude 
curve  is  not  much  different  with  or  without  motion  cues.  This 
change  in  phase  without  a corresponding  change  in  amplitude 
for  the  pilot  transfer  function  suggests  that  the  time  delay 
is  decreased  when  motion  cues  are  present.  This  conclusion 
is  consistent  with  the  approach  of  Ref  3. 

Unfortunately  the  approach  of  Ref  3 docs  not  easily  extend 
to  those  cases  where  the  level  of  the  motion  cues  arc  on  the 
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order  of  the  pilot’s  perceptual  thresholds.  Furthermore,  the 
problem  where  the  motion  is  not  precisely  correct  can  not  be 
analyzed.  This  is  the  case  in  flight  simulation  where  the 
motion  often  has  to  be  ’’washed  out”  due  to  the  physical 
constraints  of  the  simulation  facility.  Nor  does  the  approach 
of  Ref  3 apply  to  the  case  where  motion  cues  are  contradictory 
to  visual  cues.  An  example  of  this  possibility  is  flying  a 
remotely  piloted  vehicle  from  a separate  aircraft. 

A model  which  accounts  for  the  effects  of  motion  cues  in 
a direct  and  natural  way  is  described  in  this  paper.  Further- 
more it  is  relatively  simple  to  extend  the  model  to  the  case 
where  ’’washed  out”  motion  is  present  or  to  account  for  dis- 
orientation due  to  contradictory  motion  and  visual  cues.  The 
model  described  here  is  based  on  the  optimal  pilot  model 
described  in  Refs  4 through  9.  The  effects  of  different  visual 
and  motion  cues  (as  well  as  peripheral  cues  and  proprioceptive 
cues)  are  accountea  tor  in  the  model  in  two  ways.  (1)  First 
the  observation  matrix  in  the  optimal  pilot  model  is  structured 
to  account  for  the  visual  and  motion  inputs  presented  to  the 
pilot.  (2)  Secondly,  the  weightings  in  the  quadratic  cost 
function  associated  with  the  optimal  pilot  model  are  modified 
to  account  for  the  pilot’s  perception  of  the  variables  he 
considers  important  in  the  task. 

The  procedure  for  modifying  the  quadratic  cost  function 
is  described  next.  The  approach  is  then  demonstrated  for  a 
roll  tracking  task  and  results  predicted  by  the  model  are 
compared  to  experimental  results  from  Refs  1 and  2. 

SLUSHY  WFICdiTINGS 


In  the  use  of  an  optimal  pilot  model,  a quadratic  cost 
function  of  the  form 


J 


IS  minimized  using  linear,  quadratic,  gr.ussian  optimization 
theory.  In  .1,  o denotes  the  rms  value,  y.  is  the  ith  observed 

variable,  5 is  the  control  input,  and  and  R are  weightings 

^ i 

in  the  cost  function.  It  is  not  clear  how  to  physically 
interpret  the  term 


in  :he  cost  function.  The  procedure  that  is  followed  is  to 
pick  R so  that  the  neuromuscular  lag  in  the  pilot  model  is 
.1  sec.  So,  despite  the  lack  of  physical  interpret  a ti  cm.  the 
weighting  R poses  no  difficulty  in  the  determination  of  the 
opt ima  1 pilot  mode  1 . 
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poses  a different  problem.  The  values  of  may  be  difficult 


to  pick  a priori.  This  is  one  of  the  main  arguments  put  forth 
against  the 
the  optimal 


W 


optimal  pilot  model  by  its  critics, 
pilot  model  claim  the  values  of  the 
can  he  determined  judiciously  based  on  the  pilot*s  inter- 


Advocates  of 
weightings , 


pretation  of  what  he  considers  to  be  acceptable  limits  for  the 


observed  variables 


Furthermore,  it  is  claimed  that  the 


values  of  the  weightings  are  constant  for  a given  task, 
independent  of  plant  dynamics,  disturbances  or  commanded  inputs 
The  idea  of  fixed  or  invariant  weightings  is  consistent  with 
the  pilot  modeling  approach  suggested  by  the  paper  pilot  model 
(Refs  10  and  11).  Tn  the  paper  pilot  model  the  cost  function 
is  the  pilot’s  evaluation  of  the  aircraft’s  handling  qualities 
and  by  minimizing  the  cost  function,  the  pilot  has  optimized 
the  closed  loop  handling  qualities. 

The  approach  taken  here  is  that  the  term 


m 

I 

i = l 


W 0 


does  represent  the  pilot’s  concept  of  what  is  ’’good”  for  a 
given  task,  and  the  pilot  will  adapt  his  control  strategy 
to  minimize  this  quantity- -with  one  exception.  The  pilot  can 
not  minimize  what  he  doesn’t  perceive.  For  example,  it  is 
possible  for  instrument  thresholds  to  effect  the  pilot's 
perception  of  the  magnitude  of  a given  variable.  Thresholds 
have  in  the  past  been  considered  in  computing  performance; 
however,  their  effect  on  the  cost  function  has  not  previously 
been  considered.  l*urthermore , accelerations  would  not  be 
perceived  if  there  is  no  motion;  however,  in  the  presence  of 
motion,  acceleration  may  well  he  a factor  in  the  pilot’s  assess 
ment  of  ’’goodness”.  Thus  it  seems  more  reasonable  in  the 
optimal  pilot  model  to  minimize 


y W a 


i = 1 


Ro 


where  v is  the  perceived  value  of  the  ith  observed  variable 
and  the  values  ot  W are  lixed  tor  a given  task,  independent 

V . 

' 1 

of  the  observed  variables,  plant  dynamics,  disturbances  and 
commanded  inputs. 
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The  cost  function  with  perceived  variables  can  be  written 


J 

P 


I 


i = l 


Ro^ 


2 


e 


m 


i = l 


Ro  f 
o 


2 
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where  K is  the  describing  function  gain  corresponding  to 
^i 

the  ith  observed  variable,  y . , due  to  the  threshold.  In  this 

form,  the  usual  linear,  quadratic,  guassian  minimization  theory 
can  be  used  to  compute  the  optimal  pilot  model  gains.  The 
weightings  in  the  quadratic  cost  function  are  W K and  depend 

^i  ^i 

on  thresholds  and  which  variables  are  observed - -hence  the  term 
slushy  weightings.  Since  the  describing  function  gains  can  not 
be  computed  a priori,  the  solution  to  the  optimal  pilot  model 
is  computed  iteratively,  where  the  values  of  W K 2 are 

^i  ^i 

computed  each  iteration  until  convergence  is  achieved. 


A ROLL  TRACKING  TASK 

The  optimal  pilot  model  with  slushy  weightings  was 
tested  against  experimental  results  from  Ref  1.  In  Ref  1 
Shirley  describes  the  results  of  a roll  tracking  task  with 
and  without  motion  cues  for  a large  variety  of  controlled 
element  dynamics,  different  input  levels,  and  different  input 
band  widths.  The  task  consisted  of  tracking  a commanded  roll 
input  that  was  made  up  of  a sum  of  sine  waves.  The  tracking 
error  was  displayed  on  an  oscilloscope  in  the  cockpit.  When 
the  motion  was  included  in  the  experiment,  the  error  was  also 
used  to  drive  the  roll  motion  of  the  cockpit.  The  dynamics 
of  the  motion  system  (a  pure  time  delay)  was  accounted  for 
in  the  visual  system  by  passing  the  roll  error  through  the 
simulated  motion  system  dynamics.  Thus  the  visual  cues  and 
motion  cue  were  consistent.  A block  diagram  of  the  experiment 
i s shown  in  Fig.  1 . 

I nput 

The  input,  (|)^  , was  the  sum  of  ten  sine  waves  at  fixed 

frequencies.  The  break  frequency  was  defined  as  follows.  At 
frequencies  below  the  break  frequency,  the  amplitudes  of  the 
sine  waves  were  t 1.  At  frequencies  above  the  break  frequency, 
the  amplitude  of  the  sine  waves  were  + .1. 


529 


Figure  1.  ('ompensatory  Roil  Tracking  Task  With  and  Without  Motion  Cues 
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For  the  analytic  results  using  the  pilot  model,  the  input 
was  modelled  by  four  cascaded  first  order  filters  driven  by 
gaussian  white  noise.  The  break  frequency  of  the  gaussian 
input  was  set  so  the  integral  of  the  power  spectral  density 
of  the  gaussian  inr.ut  matched  as  closely  as  possible  the  integral 
of  the  power  spectral  density  of  the  sum  of  sine  waves  input. 

The  break  frequencies  used  are  as  follows: 


u),  , radians/sec 
b 


sum  of 
sine  waves 


gaussian 

(matched) 


,7 

2 . 5 
5 . 0 


1 . 1 
2.0 
4.0 


The  input  could  be  scaled  by  a gain,  K*.  to  vary  the  input 
power  as  shown  in  Fig.  1. 

Dynam i c s 

The  dynamics  of  the  roll  motion  system  (no  other  axis 
was  driven)  was  that  of  a pure  time  delay  of  .1  sec,  good  to 
10  rad/sec.  Thus  in  the  analysis  a .1  sec  time  delay  was 
lumped  into  the  .2  sec  pure  time  delay  for  the  pilot  model, 
for  a total  of  a .3  sec  time  delay. 

The  dynamics  of  the  controlled  element  consisted  of 
3 types 


(1) 


s (t  s + 1 ) 


(2) 


2 2 
s * 2 +0) 

n n 


(3) 


s(s^  + 2Cw  + (0  '■) 
n n 


Unfortunately,  numerator  terms  usually  associated  with 
aircraft  dynamics  were  not  considered. 


Control  Stick  Sen s i t i v i t y 

The  control  stick  sensitivities  were  set  for  a given 
controlled  element  dynamics  so  that  full  stick  motion  was  not 
used  and  so  that  the  stick  activity  was  not  minute.  The  ex- 
perimental results  clearly  indicate  that  the  tracking  per- 
formance is  dependent  on  control  stick  sensitivity.  For 
example,  the  tracking  performance  as  a function  of  control 
sensitivity  for  a given  se‘  of  controlled  element  dy-'amics 
arc  shown  in  Fig.  2.  It  * clear  that  there  is  an  optimal 
stick  sensitivity  and  an  experiment  run  with  non -opt  im.H  1 stick 
sensitivity  will  result  in  poorer  tracking  scores. 
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The  optimal  pilot  model  in  its  present  form  doesn't  account 
for  stick  sensitivity.  Thus  it  is  assumed  that  the  m -’el  re- 
sults correspond  to  those  obtained  witl.  optimal  stick  sensi- 
tivity. In  tliosc  cases  where  a number  of  stick  sensitivities 
were  used  experimentally,  the  case  with  the  best  tracking  score 
was  used  to  compare  with  the  analytic  results. 

Motion  Cues 

The  roll  motion  was  driven  by  the  roll  error  about  an 
axis  through  the  operator's  elly  button.  Only  roll  motion 
was  used  and  the  motion  was  not  washed  out.  The  angle  of 
rotation  was  proportional  to  the  roll  error  delayed  by  .1  sec. 
This  constant  of  proportionality,  K , was  chosen  for  each  set 
of  controlled  '•lement  dynamics  so  tPat  the  roll  motion  was 
neither  so  small  as  to  be  useless  or  so  large  as  to.  exceed 
+ 45®  during  a -un.  Once  the  constant  was  chosen  for  one  set 
of  dynamics,  it  was  maintained  throughout  the  experiment. 

Visual  Cues 

The  visual  display  was  a dot  on  an  oscilloscope  with 
lateral  displacement  proportional  to  the  roll  error.  Ihe  cock- 
pit was  covered  so  that  external  visual  cues  could  not  be  used 
when  the  motion  was  on.  The  oscil’osc  gain,  K , was  chosen 
so  that  the  dot  did  not  reach  the  edge  oscilloscope  during 

the  run,  ana  yet,  did  not  make  just  min  ^perturbations . The 
ratio  was  constant  throughout  the  entire  experiment. 


I-  ’ g u r e 2 . 


PILOT  MODEL 

In  order  to  compute  analytic  results,  certain  parameters 
and  structural  properties  of  the  optimal  pilot  model  must  be 
fixed.  To  the  extent  possible  the  parameters  used  were  taken 
from  previous  applications  of  the  optimal  pilot  model  so  that 
the  analytic  results  could  be  considered  as  a prediction  of 
experimental  results. 

T ime  Delay 

A pure  time  delay  of  .2  sec  was  used  in  the  pilot  model. 
This  value  is  consistent  with  Refs  4 through  9.  The  .1  sec 
pure  time  delay  of  the  motion  dynamics  vas  added  to  the  pilot 
time  delay  to  give  an  effective  time  delay  .3  sec. 

Neuroiauscu  1 ar  Lag 

/.  neuromuscular  lag  of  .1  see  was  used  in  the  pilot  model. 
This  value  is  consistent  ’th  Refs  4 through  9. 

Obsci vat  ion  Noise 

The  noise  to  signal  ratio  for  the  observation  noise  was 
*aVen  to  be  .Oltr,  again  consistent  with  Refs  4 through  9. 

Neuromuscj Icr  Noise 

The  noise  to  signal  ratio  for  the  remnant  or  the  neuro- 
muscular noise  was  taken  to  be  .003ir  consistent  v/ith  Refs  4 
through  7 a'-'*  9.  (1:8  blew  it  on  this  one.) 

Observeu  VHri<  » -s 

The  ‘■fsa-  "~d  variables  depend  uoon  whether  or  not  motion 
cues  are  used.  Without  out  motion  cues,  the  roll  error, 

wus  observed.  In  applying  the  optimal  pilot  model,  the  first 
derivative  any  visual  observation  is  assumed  to  be  observed 
concurrently,  hence  the  observation  vector  for  visual  cues  is 


With  the  addition  of  motion,  rotationa.  acceleration  is 
also  sens*-d  via  the  vestibular  system.  was  assumed  that 

the  first  derivative  of  the  roll  accel erat i<^n  was  al-o  sensed. 

A more  detailed  model  of  the  vistibular  dynamics  might  be  more 
appropriate  for  more  involved  motion.  Roll  error  could  also 
be  sensed  proori ocept ively  and  in  fact  tracking  scores  were 
given  in  Ref  1 for  tracking  without  visual  cues. 

Roll  error  sensed  proprioceptivei'y  was  not  con.'Mered  in 
t):e  observation  vector  since  :t  is  redundant  to  that  sensed 
visually,  and  the  visual  cues  are  supposed  to  be  well  above  the 
visual  tbresholda.  Thus  with  motion,  the  observation  vector  is 

I 

, ..e  1 

i 
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Cost  Func t ion  Weightings 

The  weightings  used  in  the  cost  function  were  taken  from 
Ref  9.  In  Ref  9,  the  weightings  were  picked  so  that  pilot 
model  results  matched  experimental  results  from  Ref  1?.  The 
experimental  roll  task  in  Ref  12  wr.s  to  maintain  wings  level 
in  the  presence  of  turbulence.  The  weightings  are 

W,  = 2.7 


W;  =1.5 
♦p 

Wv  = .02 

♦p 

where  (|)p  is  the  perceived  roll  error,  is  perceived  error 

rate,  and  (j)p  is  the  perceived  rotational  acceleration  (and 

error  acceleration  in  this  case).  ,, 

It  should  be  noted  that  for  the  case  without  motion,  <|) 


which  is  equivalent  to  letting  W, 


Thresho Id  s 

The  thresholds  could  not  be  precisely  determined  from 

the  experimental  description  in  Ref  1.  This  is  because  the 

values  of  K and  K are  not  given  in  Ref  1.  Furthermore,  K 
m V * m 

and  Ky  were  different  for  different  controlled  element  dynamics. 

The  racio  K /K  was  held  constant,  however, 
m V 

The  approach  taken  was  to  fix  the  thresholds  for  all 
cases.  The  input  was  varied  for  different  contro  led  element 
dynamics.  This  corresponds  to  varying  K and  K , but  with  a 
fixed  ratio.  ^ 

The  thresholds  used  were  as  follows 


Observed  Variable 


Threshold 


3 .38”/sec 
. 5®/sec^ 
10 . ®/sec^ 


The  thresholds  for  <))  and  <j)  correspond  to  a linear  display  1 meter 

from  the  operator'  eyes  scaled  .1  cm/deg  roll  assuming  .05® 
arc  and  .18®  arc/sec  visual  thresholds.  The  threshold  for 
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rotational  acceleration  was  taken  from  Ref  15.  The  threshold 
on  4>g  was  a WAG  (Wild  Beast -of -Burden  Guess). 


inputs  used  are  as  follows 

Controlled  Element  rms 

Dynamics 

- • - - ) 

I nput , 0 . 
(degrees) 

--  -K/s(ts  + 1) 

5 . 

K/(s^  + 2CWjj  + w^^) 

3 . 

K/s(s^  + 2^u)^  + w^^) 

2 . 

2 

The  exceptions  to  the  above  inputs  are  four  cases  for  K/s 
dynamics  where  the  relative  changes  in  the  input  are  documented 
in  Ref  1. 


COMPARISON  RESULTS 

A tabulated  comparison  of  the  experimental  results  and  the 
analytic  results  are  given  in  Fig.  3.  The  cases  are  referred 
to  by  the  "data"  number  of  Ref  1.  Experimental  lesults  and 
analytic  results  are  compared  by  comparing  normalized  tracking 
scores,  o.  /o . . The  results  are  also  displayed  in  the  scatter 
*^e  ^ 

d iagram  of  Fig . 4 . 

The  agreement  between  the  analytic  scores  and  the  experi- 
mental scores  are  generally  good.  The  analytic  results  were 

particularly  interesting  in  the  case  of  data  1/,  20,  and  23. 

Note  that  in  data  20  and  23  the  only  change  from  data  17  is 

the  level  of  the  input.  As  the  input  increased,  the  scores 

improved  (decreased)  and  visa  versa.  The  annl/tic  scores 
not  only  followed  the  same  trend,  but  accurately  match  the 
experimental  results.  The  mechanism  in  the  optimal  pilot  model 
that  cause  the  scores  to  improve  with  increased  input  is  the 
decreased  effect  of  the  visual  threshold. 

In  three  cases  the  analytic  results  did  not  compare  well 
with  the  experimental  results.  For  data  8 and  43,  the  optimal 
model  predicts  virtually  no  improvement  in  the  tracking  score 
due  to  motion,  yet  the  experimental  results  show  a significant 
improvement  in  tracking  score.  The  analytic  results  agree  vith 
the  conclusions  of  Refs  2 and  14;  that  is,  for  easily  controlled 
dynamics,  motion  cues  are  not  particularly  helpful.  It  is 
possible  that  in  these  cases,  the  additional  proprioceptive 
cue  for  roll  error  was  of  significant  value  since  the  motion 
was  relatively  small  and  the  visual  thresholds  may  have  been 
of  significance. 

Thf  analytic  results  for  data  5.S  show  a significant  im- 
provement with  motion  cues,  yet  experimentally,  no  improvement 
was  measured.  Again  the  analytic  results  agree  with  the  con- 
clusions of  Refs  2 and  14.  These  references  both  concluded 
that  for  marginally  unstable  dynamics,  the  motion  cues  would 
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be  helpful  and  should  improve  performance  It  is  possible  that 
non-optimum  stick  sensitivity  was  a factor  in  the  experimental 
results.  It  is  also  possible  that  there  was  sufficient  h i h 
frequency  oscillation  to  impair  the  rcadinu  of  the  oscilloscope 
and  to  cause  undesirable  vibration  feedthrough  to  the  stick  ♦ 
These  effects  can  be  accounted  for  in  the  optimal  pilot  model 
(Ref  15)  but  were  not  in  this  study. 

CONCLUSIONS 


The  pilot  model  results  generally  agree  well  with  the 
experimental  results  . fixper  iment  a 1 improvements  in  tracking 
scores  due  to  motion  cues  are  matched  by  corresponding  improve- 
ments in  tracking  scores  by  tne  optimal  pilot  model  in  all  but 
three  cases.  Lven  in  those  cases  it  may  be  possible  to  account 
for  the  experimental  results  by  including  the  proprioceptive 
cues  and  effects  of  vibration  in  the  optimal  pilot  model. 

The  comparison  of  tracking  scores  is  not  a conclusive 
demonstration  of  the  model.  A comparison  ...  experimentally 
derived  and  analytic  pilot  transfer  functions  is  in  order. 

It  is  possible  that  tlie  apparent  change  in  time  delay  seen  in 
the  phase  data  of  the  pilot  transfer  function  (Ref  1)  might  be 
accounted  for  in  the  optimal  model  by  the  fact  that  the  predictor 
in  the  optimal  pilot  model  would  be  improved  with  the  additional 
observations.  The  result  would  be  that  the  effective  time 
delay  due  to  the  combination  of  pure  time  delay  and  the  predictor 
would  be  decreased  with  addition  of  motion  inputs. 

The  experimental  results  show  that  control  stick  scnsiti\it>' 
will  effect  tracking  scores  and  illustrates  the  need  to  extend 
the  optimal  pilot  model  so  that  the  effect  of  stick  sensitivitv 
can  be  accounted  for. 

It  would  be  possible  to  refine  the  model  by  including 
vistibular  dynamics  in  the  model  based  on  existing  models. 
Modelling  peripheral  cues  or  proprioceptive  cues  in  the  optimal 
model  is  conceptually  no  problem;  however,  threshold  values  and 
the  structure  of  the  observation  matrix  are  now  known. 

The  model  described  in  this  paper  accounts  for  the  motion 
cues  in  a straight  forward  way.  The  addition  of  the  motion  is 
accounted  for  by  including  sensed  motion  variables  in  the  input 
to  t -le  pilot  model.  The  weighting  in  the  quadratic  cost  function 
are  altered  so  that  only  the  perceived  state  of  tlie  system  to 
be  controlled  is  used  in  the  cost  function. 

The  change  in  the  weightings  involves  computing  describing 
function  gains;  so  once  the  thresh elds  arc  defined,  the  appro- 
priate weightings  are  easily  computed  iteratively. 

The  model  can  be  used  to  account  for  washed  out  motion  in 
aircraft  simulation.  This  would  he  done  by  including  the  simu- 
lator motion  equations  in  the  system  equations  used  to  structure 
the  optimal  pilot  model.  Performance  with  full  motion  could 
then  be  compared  to  that  with  washed  out  motion. 

The  effects  of  contradictory  motion  or  confusing  motion 
cues  can  also  be  modeled.  '1  he  approach  would  be  to  structure 
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the  pilot  model  based  on  correct  motion  cues  and  then  use  Mie 
contradictory  motion  as  an  input  to  the  model.  Obviously  the 
optimal  filter  perforinaiue  would  degrade  and  the  residuals 
would  be  a measure  of  the  disorientation  created  by  the  incorrect 
mot i on  cues . 
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A TF.KORKTICAL  ::TUDY  OF  THE  PILOT  AL  A SYSTEM  MOHITOH 

by  P.H.  Weweriiike 
National  Aerospace  Laboratory  NLR 
the  Netherlands 


SUMMARY 


The  ever  increasing  complexity  of  aerospace  vehicles,  is  associated 
with  a greater  emphasis  on  the  monitor  and  decision  making  functions  of  the 
pilot.  This  paper  deals  with  the  perceptual  load  imposed  on  the  pilot  moni- 
toring his  system.  A theoretical  model  of  this  load  is  tested  against  expe- 
rimental data.  This  model  is  based  on  a system  state  estimation  model  to  be 
associated  with  the  internal  representation  of  the  task  envirorjnent . 


INTRODUCTION 


It  may  be  expected  that  the  human's  role  in  pilot/vehicle  systems  will 
be  more  and  more  characterized  by  monitoring  and  decision  making.  Therefore, 
these  functions  have  to  be  incorporated  when  describing  human  operator's 
participation  in  manned  vehicle  systems. 

As  indicated  in  figure  1,  a central  aspect  of  the  pilot's  pftrticipnti^:. 
is  the  internal  representation  of  the  task  enviroiiment . It  enables  the  h.^rsur. 
operator  to  determine  whether  the  present  situation  is  i»^songruous  with  what 
should  happen.  In  case  of  incongruity  the  required  action  pattern  (to  remove 
Che  incongruity)  can  be  *'kncwn",  implying  that  the  corresponding  response  is 
merely  "provoked”  (control).  Otherwise,  the  pros  ana  cons  of  possible  acti'^r.s 
are  weighed  to  solve  the  problem.  According  to  a certain  set  of  star*dards  the 
"optim/am*’  action  is  selected  (decision  making). 

(Uie  common  conceptual  framework  would  be  desirable  to  formulate  th:* 
impcrtaitt  pilot's  functions  and  tin.,  .r  mutual  irf  erfero*nco.  It  is  believes 
that  modern  optimal  contro.].,  obtimation  arui  lecision  theory  provide  this 
framewor’> . In  the  next  ^:hapter,  the  iiumaii  (n^erator’s  raonitor  behavior  i. 
aiscussed,  primarily  in  t.erms  of  the  perc^'j^tual  I'>ad  involved.  The  m^'de.’  is 
bas.ed  on  the  iriternal  niodei  of  the  task  environment  as  inccTporated  in  the 
i.ptimal  control  n.odei  (Ref.  l). 
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INTERNAL  REPREEENTATT ON 


A submodel  of  tne  optimal  control  model  consists  of  a Kalman  filter- 
predictor*  This  state  estimation  submodel  which  is  also  involved  in  the 
uecision  making  models  of  Refs.  ? and  3»  can  be  associated  with  ru)  internal 
representation  of  the  task  environment. 

The  dynamic  process  describing  the  task  environment  is  represented  by 
the  vehicle’s  equations  of  motion  (Fig.  2) 


X = Ax  + Bu  + Ew 


(i; 


where  x is  the  system  state,  u is  the  pilot’s  control  input,  and  w represents 
the  external  disturbances  and  the  displayed  information 

y = Cx  + Du  (;.  ) 


it  is  assumed  that  this  information  is  converted  into  an  internal 
representation  which  is  based  on  a noisy,  delay. a version  of  y 


Yp(^ ) = y(*-  ) + v^(t  - r ) (3) 

where  y represents  the  perceived  information,  r is  an  equivalent  time  delay, 
and  V Fepresents  an  equivalent  ^'observation"  noise  process. 

y 

This  internal  representatio..  (x)  is  expressed  as 


A r 

C A 

(r)  ==  e X (o)  given 


X - A X r 
c 


with  X 

whore  A is  the  closed  loop  control  matrix  (Ref.  ^),  and  r is  a zero-mean, 

c 


Gaussian  white  noise  process  with  covariance  R6(t-T;). 


In  case  the  pilot  only  moritors  the  dynamic  process  given  by  eq  ( 1 

(B=0),  A A eq(U), 

c 

I’he  loregoing  model  of  tine*  internal  represcntat  i 'jn  of  * he 

vehicle’s  state  is  used  in  the  next  chapter  to  operationalize  pi J oi  worki-ru; 
invuived  in  hf monitor  task. 


PERCEPTUAL  LUAi' 
Theoretical  analysis 


I erceptual  load  is  hypothet icni iy  c^'HStructed  as  the  effect  oi’  tt.t* 
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].ercelved  : information  on  the  human  operator.  1 1 11;  hecized  that  the 

uisorepanoy  between  the  internal  representation  (IR)  of  x,  based  ou  trr- 
displayed  information,  and  the  predicted  (or  expected)  IR  of  x,  is  a measure 
for  perceptual  load  imposed  on  the  human  operator.  This  difference,  is 
described  by 


6 = ^ + r ( ^ ) 

with  ^ (r)  = 0 

The  C‘  '/ariance  of  is  given  by 

A = A A A*  + P (6) 

with  A ( ) =0 

Basically,  R reflects  the  rate  at  which  information  enters  the  system. 

In  the  steady  state  situation  (A=0),  this  is  just  balanced  by  the  system 
damping  (as  expressed  in  A^). 

Experimental  validation 

In  case  of  simple  stimulus-response  relationships,  it  is  a^s.imed  that 
the  total  effect  of  the  task  situation  on  the  human  operator  (workload)  is 
predominantly  reflected  by  his  perceptual  load,  W , as  defined  in  the 
previous  paragraph.  In  terms  of  the  optimal  control  model,  this  implies 
tnat  motor  noise  is  absent  and  response  execution  is  represented  by  simple 
feedback  gains  (Ref. 

Essentially,  the  control  model  reduces  to  the  *'rei  ceptual”  model  giver  by 

(3). 

Ir  reference  ^ an  exploratory  experimental  progr  m is  described  t 
stujy  pilot’s  control  effort  and  its  relationshi]j  witn  the  optimal  crr.tr  . 
::x>del  parameters.  The  dependent  variables  were  subjective  ratings  (ccncernir.g 
task  dif^'iculty)  and  m<’Aiel  j\arameters.  The  control  task  was  varied  by  means 
'f  t..c  controlled  element  dynamics. 

V ail  the  conf igui'at ions  for  w^ich  motor  noise  was  ne^’.ligibly  sma^^, 
r h-'  perc»:]*tual  load,  W , was  computed  . The  result  ir>  compared  with  the  sut- 
.c-ctivc  ratings  for  thii  controlled  elements  showT:  in  figure  i.  'ilie  compute) 
\i(jgarithm  of  the)  perceptual  load,  W , is  shown  to  be  in  excellent 
agreement  with  the  subjective  data. 


A..tiv  ugh  eq  (b)  can  be  rela*"'H  to  muJ  i.  iyariable  situati^riS  only  tfi*-  di..j  Oiy  i 
stem  output,  m,  was  involved,  so  W = 
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Extension  to  multi-input  situations 


In  order  to  derive  an  absolute  measure  of  perceptual  loaa , it  is  pr-po 
jed  to  weigh  the  foregoing  perceptual  load  index  with  a quantity  whim 
reflects  how  alarming  the  perceived  information  is,  or  what  its  consequeriCe 
are.  This  is  mandatory  when  the  effect  of  one  source  of  information  is 
comparc-u  .r  combined  with  another  one  (of  different  quality). 


fui  absolute  measure  of  perceptual  load  is  hyqotnesi . ed  to  te  cbtainei 
when  W is  expressed  in  units  of  pertinent  "target  boundaries"  (in  case  of 
r/mitol’ing) , or  in  units  of  criterion  levels  (in  case  of  continuous  contr  l 
wLth  a Zero  reference).  Furthermore,  when  n variables,  representing  ncri- 
rtdmdant  information,  are  perceived  simultaneously,  the  total  perceptual 
load  is  proposed  to  be  given  by 


W 

P 


n 

n 

i=l 


h.  . 

11 


^ : 


where  is  the  diagonal  element  of 

Experi  .entation  will  be  necessary  to  validate  this  multi-variasle  mode 


CONCLUDING  REMARKS 

The  state  estimation  submodel  of  bhe  optimal  control  model  can  bo 
associated  witn  ari  internal  representation  of  the  task  en/irorment,  basec  c 
this  conctrpt , a perceptual  load  index  has  been  derived  expressing  the  pi^ct 
workload  involved  in  his  monitoring  task. 

The  model  is  partly  validated  using  experimental  data  (subjective, 
ratings)  of  tracking  tasks  for  which  the  effort  involved  ir  response 
selection  and  execution  was  assumed  to  le  negigible  compared  ^;itn  tiuj 
perceptual  load.  An  extension  to  multivariable  task  situations  is  suggested 
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flRCEPTUAL  LOAD 


Fig«  3 Comparison  of  subjective  ratings  and  computed  perceptual  load 
Averages  of  U subjects,  3 trials /subject. 
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HUMAN  PERFORvlANCE  EVALUATION  IN  DUAL-AXIS 
CRITICAL  TASK  TRACKING 


Dr.  Malcolm  L.  Ritchie  N.  S.  Natarai 

Wright  State  University  Sinclair  Gomminity  College 

Dayton,  Cttiio  4S431  Dayton,  (Xiio  45402 


SIMIARY 

A dual -axis  tracking  using  Jex's  critical  task  (Reference  1)  was  set 
up  to  evaluate  human  performance.  Ihe  effects  of  coritrol  stick  variation 
and  display  formats  axe  evaluated.  A secondary  loading  was  used  to  measure 
the  degradation  in  tracking  performance. 


INTRODUCTION 

Jex,  Allen  and  Jewell  developed  the  multiloop  critical  tasks  making 
some  exploratory  applications  to  control  and  display  problems.  Ihe  same 
autopacing  principle  and  paramenters  as  used  for  single  axis  critical 
instability  tasks  (Reference  2)  were  used.  In  this  woiic,  performance 
measures  of  critical  divergence  frequency  (^)  i.e.:  divergence  frequency 
\Aien  the  subject  loses  control,  total  run  time  (T)  i.e.:  the  time  from  the 
on  set  of  tracking  until  one  of  the  errors  exceeds  the  display  and  the 
switching  time  (t)  i.e.:  the  time  of  rate  shift  on  autopaced  task,  are 
evaluated  for  a number  of  controls  and  displays.  The  stress  sensitivity 
of  critical  tracking  tasks  was  investigated  by  using  an  auditory  task. 


NCTHOD 


Apparatus 

Using  analog  conputer  conponents,  a dual-axis  critical  tracking  task 
was  instrumented.  Figure  1 shows  the  block  diagram  and  Figure  2 shows  the 
analog  mechanization  of  the  task.  IWo  EAI-TR-20  10  volt  analog  computers 
were  used  in  a slaved  configuration.  The  control  sticks  were  identical 
U S A F type  number  C-1  Formation  sticks  with  ♦ 10.0  volts  output. 
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Figure  1.  Block  Diagram  of  Dual  Axis  Critical  Task. 


Figure  2.  Analog  Coaputer  dlagraa  of  task 
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Testing 

Six  male  students  were  used  as  subjects.  The  subjects  reported  20/20 
vision  and  were  free  from  any  auditory  and  psychomotor  deficiencies.  The 
subjects  were  briefed  concerning  the  experiment  and  the  task  prior  to 
training.  The  task  was  to  stabilize  simultaneously  two  identical, 
increasingly  instable,  controlled  elements  (one  In  each  axis).  Both  line 
displays  and  point  displays  with  corresponding  stick  motion  as  shown  in 
Table  1 were  used.  The  secondary  cognitive  task  used  is  a modification 
of  Baddeley  Telephone  test  reported  by  Guignard  (Reference  3).  The  sub- 
ordinate hypothesis  is  that  the  operator  performance  is  not  affected  by  the 
work  load  or  by  the  interactions  with  any  other  stresses  as  different  dis- 
play formats  or  different  stick  motions. 


Procedure 

The  subjects  were  given  either  a line  or  a point  display  on  one  or 
two  oscilloscopes.  They  were  also  given  one  or  two  joy  stick  controls. 

The  primary  task  was  to  keep  the  display  on  the  oscilloscope  centered  for 
as  long  as  possible  by  manipulating  the  joy  stick  motion  forward  and  back- 
ward or  sidmard  depending  on  the  display  motion.  The  trial  w:.s  completed 
vdien  the  subject  lost  control  of  the  display.  The  criterion  was  tlie 
duration  for  which  the  subject  held  the  display  within  the  range.  A 
telephone  test  was  given  simultaneously  with  the  tracking  task  for  sane 
trials.  The  subject's  task  was  to  listen  carefully  to  each  statement  and 
decide  promptly  vdiether  it  is  right  (yes)  or  wrong  (no) , then  call  out  the 
decision. 


Secondary  Task 

The  subiect  was  given  a series  of  purportedly  logical  statements,  some 
of  which  were  in  fact  logically  absurd.  The  task  was  paced  at  one  statement 
every  five  seconds  and  the  number  of  errors  committed  were  recorded. 
Omissions  of  answers  were  considered  as  errors. 

Hie  tracking  performance  measures  recorded  for  each  tracking  run  were 
critical  divergence  frequency  (^) , total  run  time  (T)  and  switching  time 
(t).  These  voltages  were  recorded  on  a Fluke  8000  A digital  multimeter. 


results 

The  detailed  statistics  are  shown  in  an  integrated  tabular  and 
graphic  form  (Tables  2a,  2b,  3 and  4 and  Figures  3,  4 and  5). 

The  critical  divergence  frequency  showed  a small  degradation  due  to 
loading  conditions.  Condition  6 showed  the  largest  variability.  Th''  mean 
value  did  not  vary  much. 
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TABLE  2a  > F VALUES:  CELL  TO  CELL  ANALYSIS  BY  ROUS 
(without  loading) 


CELL 

POSITION 

F VALUES 

CRIT.  DIV.  FREQ. 

TOTAL  TIME 

SWITCHING  TIME 

0.000 

0.0732 

0.1734 

3.8787 

4.0922 

6.3822 

4.4285 

4.8378 

12.1479 

11-15 

1.0624 

1.4899 

1 .2860 

11-16 

7.4151 

7.7492 

3.5238 

11-17 

1.0481 

0.7196 

0.1344 

11-18 

1.8939 

2.0711 

0.5387 

12-13 

3.5496 

4.1894 

4.6193 

12-14 

3.9044 

4.7966 

8.7741 

12-15 

0.9918 

1.6841 

0.5545 

12-16 

7.1871 

7.9091 

2.5902 

12-17 

1.0233 

0.9004 

0.1576 

12-18 

1.5189 

2.1542 

0.0187 

13-14 

0.0069 

0.0055 

0.1491 

13-15 

0.8657 

0.6594 

1.9473 

13-16 

1.8724 

1.9272 

0.0212 

13-17 

0.2880 

0.5039 

3.2496 

13-18 

1.0756 

0.9739 

4.7906 

14-15 

0.8155 

0.6447 

3.9914 

14-16 

2.2003 

2.2111 

0.2382 

14-17 

0.2288 

0.4705 

5.4396 

14-18 

1.0742 

1.0151 

8.8348 

15-16 

4.2248 

3.9734 

1.0638 

15-17 

0.0638 

0.0014 

0.4274 

15-18 

0.0081 

0.6892 

16-17 

2.8889 

3.3964 

2.0880 

16-18 

4.6395 

4.5833 

2.7532 

17-18 

0.0698 

0.0009 
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TABLE  2b  - F VALUES:  CELL  TO  CELL  ANALYSIS  BY  ROWS 

(Kith  loading) 


CELL 

POSITION 

F VALUES 

CRIT.  DIV.  FREQ. 

TOTAL  TIME 

SWITCHING  TIME 

21-22 

0.2214 

0.0510 

0.0145 

21-23 

0.0358 

0.0115 

21-24 

0.6922 

0.7156 

21-25 

0.1494 

0.0055 

21-26 

6.8257 

7.1861 

1.5481 

21-27 

5.3764 

6.4881 

17.6465 

21-28 

0.1008 

6.0484 

2.6958 

22-23 

0.4259 

0.2110 

0.0498 

22-24 

0.2479 

0.4606 

1 .4299 

22-25 

0.4901 

0.1438 

1.6136 

22-26 

5.4596 

6.4859 

1.6724 

22-27 

7.8685 

7,e<ytO 

13.6066 

22-28 

0.5673 

0.0738 

2.1070 

23-24 

0.9554 

1.0317 

1.1348 

23-25 

0.0672 

0.0079 

2.2807 

23-26 

7.4094 

7.9181 

1.4005 

23-27 

4.3134 

5.2546 

19.4613 

23-28 

0.0288 

0.0150 

3.0805 

24-25 

0.9527 

0.7045 

4.6541 

24-26 

3.0031 

3.2244 

0.0845 

24-27 

5.5733 

6.4243 

17.3016 

24-28 

1.0807 

0.7032 

5.6711 

25-26 

6.1912 

5.7914 

4.4860 

25-27 

0.7961 

1.3108 

1.7789 

25-28 

0.0020 

0.0281 

0.0002 

26-27 

14.5597 

15.9681 

12.5341 

26-28 

7.4264 

6.7553 

5.1329 

27-28 

2.5223 

3.8301 

2.8412 
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TABLE  3 - F VALUES:  CELL  TO  CaL  ANALYSIS  BY  COLUMN 


CELL 

POSITION 


CRIT.  DIV.  FREQ.  TOTAL  TINE 


SNITCHING  TIME 


n-12 

21-22 

31^32 

41-42 

51-52 

61-62 

71-72 

81-82 


0.0096 

o.oor? 

4.7727 

0.8963 

2.2544 

0.2488 

6.1948 

2.7331 


0.2099 

0.0045 

5.4985 

1.1465 

1.5110 

0.2644 

6.2675 

2.1998 


0.0415 

0.0757 

4.5306 

2.0678 

3.9853 

0.1202 

6.8435 

2.8019 


TABLE  4 - F VALUE:  RON  TO  RON  ANALYSIS 


Rom  1 - Row  2 


F VALUES 

CRIT.  OIV.  FREQ. 

TOTAL  TIME 

SUITCI 

fUNG  TIME 

9.4554 

9.6113 

12 

.1304 
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Figurt  3 CrU1c«1  frequtncy  for  tracking  with  and  wIthOMt  sacondary  loading 


Tricking  Alone 


Figuro  4 Total  tiM  for  tracking  with  and  without  socontfary  loading 


CoMblnts 


Alone  0.3443  0.4564  0.9011  0.7644  0.6806  1.1206  0.5117  0.536 

Conbincd  0.5333  0.60B8  0.5341  0.9486  0.6722  1.0694  0.2555  . 0.4902 

Figure  S Rate  stdtching  tine  for  tracking  with  and  without  secondary  loading 
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Ihe  total  ti!ne  had  the  highest  mean  and  the  variability  for  condition 
6.  Except  conditi(ms  1 and  2,  all  the  other  conditions  showed  a general 
degradation  under  the  effects  of  secondary  loading. 

Conditions  3,  4 and  6 yielded  the  highest  mean  for  the  switching 
time  but  condition  6 has  the  hipest  variability.  All  the  conditions 
except  1 and  2 showed  a deterioration  in  performance  with  loading. 

Mean  correct  response  showed  the  largest  variability  in  conditions 
1,  4 and  6 in  vAiich  the  motions  of  two  displays  were  on  the  same  axis. 

TVro  way  analysis  of  variance  yielded  these  results.  For  a rejection 
at  the  St  level,  an  F value  of  3.92  is  used.  Based  on  this,  there  was  a 
significant  difference  for  all  the  three  performance  measures  between  the 
two  line  displsQ^s  (condition  1)  and  the  two  dot  displays  (condition  6)  with 
loading  and  without  loading.  The  dot  displays  have  a greater  mean  value. 
Among  similar  displays,  the  side  motion  of  the  sticks  (condition  4)  yielded 
greater  mean  compared  to  forward-backward  motion  (condition  1) . Between 
conditions  1 and  4,  it  showed  a significant  difference  without  secondary 
loading.  Under  loading  conditions  there  was  a significant  difference 
between  two  dot  display  and  one  dot  display  conditions  comparing  the 
loading  and  unloading  conditions.  A significant  difference  was  observed 
in  condition  7 only  (Table  3). 


OQNaUSIONS 

The  secondary  loading  did  not  affect  the  critical  divergence 
frequency  but  deteriorated  the  perfonaance  measures  of  total  tracking  time 
and  switching  time  (except  in  condition  2) . The  high  correct  response 
percentage  under  loading  conditions  indicated  that  the  subjects  were  well 
motivated  for  the  task.  A large  variability  was  exhibited  in  condition  6 
and  the  subjects  rated  this  condition  to  be  the  most  comfortable  one.  The 
two  dot  displays  and  the  sideward  motion  of  the  sticks  showed  higher  mean 
values  for  the  performance  measures. 
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ABSTRACT 


The  desired  response  of  mauiy  nnan-machine  control  systems 
can  be  formulated  as  a solution  to  an  optimal  control  synthesis  problem 
where  the  cost  index  is  given  and  the  resulting  optimal  trajectories 
correspond  to  the  desired  trajectories  of  the  man-machine  system. 
Optimal  control  synthesis  provides  the  reference  criteria  and  the  sig- 
nificance-of-error  information  required  for  performance  meaisurement . 
The  synthesis  procedure  described  in  this  paper  provides  a continuous 
performance  measure  (CPM)  which  is  independent  of  the  mechanism 
generating  the  control  action.  Therefore,  the  technique  provides  a 
meaningful  method  for  on-line  evaluation  of  man’s  control  capability  in 
terms  of  total  man-machine  performance. 

The  synthesis  procedure  converts  a cost  index  such  as 


I = / F(X,t)  dt 


which  is  doubly  dependent  on  system  state  (present  state  and  initial  state) 
into  a function  $(X)  of  the  state  variable  vector  X.  The  tf(X)  function  is 
termed  "cost-to-go"  sii^Kie  its  value  is  the  cost  to  the  objective  if  the 
desired  (optimal)  performance  is  utilized.  The  function  is  part  of  the 
CPM  and  has  several  interesting  properties.  First,  its  partial  derivatives 
with  respect  to  the  state  variables  can  be  identified  with  the  auxiliary 
variables  generated  by  the  Maximum  Principle  of  Pontryagin.  Second, 
the  function  is  a Lyapunov  function  for  the  system  if  optimal  performance 
is  achieved.  As  a result,  it  acts  as  a convenient  stability  indicator  for 
operation  with  man-in-the-loop. 

The  paper  includes  a description  of  the  CPM,  and  a 
theoretical  development  of  the  synthesis  procedure  and  its  applications. 
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CONTINUOUS  PERFORMANCE  MEASUREMENT 


Every  performance  measure  consists  of  two  parts: 

1 . The  reference  or  criteria  portion,  and 

2.  The  measurement  of  the  significau^ce  (imporUnce) 
of  deviations  from  that  criteria. 

Continuous  performance  measurement  (CPM)  is  a measurement  technique 
whereby  the  desired  reference  control  is  known  and  the  significau^ce  of 
any  control  errors  is  evaluated  at  each  point  in  the  problem  space. 
Evaluation  of  control  errors  is  based  on  the  effect  of  those  errors  on 
total  system  summary  performance.  For  example,  if  conservation  of 
fuel  is  deemed  most  important  in  a particular  control  problem,  the  CPM 
continuously  (instantaneously)  evaluates  the  effect  of  any  . control  errors 
on  excessive  use  of  fuel  for  the  total  task.  Finally,  the  CFM  is  state 
determined  so  that,  whatever  path  the  controlled  element  takes,  whether 
due  to  correct  or  incorrect  controls,  the  CPM  provides  the  reference 
and  control  error  sensitivity  information  at  the  new  state. 


CLASSICAL  PERFORMANCE  MEASUREMENT 


It  should  be  recognized  that  this  method  of  performance 
measurement  differs  significantly  from  classical  methods  which  are 
generally  summary,  or  at  least  averaged,  measurements  and  do  not 
include  the  desirable  instantaneous  reference  and  error  sensitivity 
characteristics  just  described.  Such  summary  measures  provide  a 
single  numerical  evaluation  for  the  total  run  and  thus,  do  not  provide 
specific  information  about  performance  along  the  run.  Summary  measures 
do  not  reveal  important  information  about  how  superior  performance  was 
achieved  or  what  factors  cause  difficulties  leading  to  poor  performance. 

In  training  problems,  the  use  of  summary  measure  information  results 
in  non-specific  feedback  so  that  part  of  the  trainee's  learning  task  is  to 
sort  out  what  he  did  wrong  from  what  he  did  right  from  the  summary 
measure  information.  This,  of  course,  requires  additional  runs  just  to 
accommodate  the  sorting  process. 

But,  summary  measures  do  provide  useful  information, 
particularly  in  providing  the  basis  for  computing  tl  s continuous  per- 
formance measure  (CPM).  In  order  to  understand  this  relationship, 
consider  a problem  where  the  controlled  element,  the  vehicle,  is  supposed 
to  move  along  an  isolated  reference  path  and  the  error  (deviation)  from 


1 1^4 % 4|^w5'  ■^,«jM.. 
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that  path  is  presented  to  the  op>erator  in  some  way  so  that  he  can  control 
the  vehicle.  Total  system  performance  is  scored  in  a steuidard  way, 
such  as,  with  the  integral  of  the  error  squared.  A summary  meeisurement 
value  is  provided  at  the  end  of  each  run.  As  discussed  previously,  the 
summary  performance  measure  heis  some  serious  limitations  as  follows: 

1 . The  performance  information  is  not  specific  as  to 
what  the  operator  is  doing  when  he  performs  poorly 
or  performs  well, 

2.  There  is  no  absolute  reference, 

3.  The  measure  value  is  a fjnction  of  initial  problem 
conditions  so  that  the  operator  does  not  know  how 

to  interpret  the  numerical  summary  score  values,  and 

4.  There  is  no  direct  measure  of  control  error 
significance . 


CONTINUCXJS  PERFORMANCE  MEASUREMENT 
AND  OPTIMAL  CONTROL 
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Consider  how  a summary  measure  ceun  be  converted  into  an 
instantaneous  measure.  Suppose  that  the  vehicle  under  control  is  at 
point  A;  it  is  displaced  from  the  isolated  reference  path  by  amount  A. 
Corresponding  to  each  summary  performance  measure  is  a best  incre- 
mental motion  for  the  vehicle  from  point  A.  The  best,  as  used  here, 
means  the  incremental  motion  which  is  the  portion  of  the  total  solution 
trajectory  from  point  A to  the  terminal  point  that  minimizes  the  summary 
measure  selected.  Since  the  vehicle  will  move  from  point  A to  another 
point  B,  and  so  forth,  the  use  of  the  best  control  results  in  motion  of 
the  vehicle  along  the  best  solution  path  starting  from  A,  The  resulting 
summary  measure  value  will  be  the  lowest  possible  given  the  system 
started  at  point  A.  This  solution  path  is  a new  reference  path  which 
may  or  may  not  intersect  with  the  original  isolated  reference  path. 

The  new  reference  path  is  the  optimal  vehicle  trajectory  from  point  A 
and  every  point  along  that  optimal  path.  If  the  optimal  control  rule  and 
vehicle  trajectory  are  determined  everywhere  in  the  problem  space  of 
interest,  instead  of  just  from  point  A,  a reference  control  rule  and 
corresponding  vehicle  trajectory  are  available  at  each  point  in  the  prob- 
lem space. 


The  CPM  is  an  instantaneous  measure  developed  from 
the  selected  summary  measure,  which  continuously  determines  the 
difference  between  best  incremental  control  and  the  operator  control. 
In  addition,  and  very  important,  the  CPM  provides  error  sensitivity 
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weighting  and  with  it,  it  is  possible  to  evaluate  the  seriousness  of  any 
control  operator  error.  Considering  the  CPM,  it  is  easy  to  visualize 
that  the  reference  system  is  no  loriger  represented  by  an  isolated  ref- 
erence trajectory,  but  that  problem  sp6ui:e  is  actually  filled  with  reference 
trajectories.  It  may  seem,  at  first,  that  a set  of  reference  trajectories 
which  fill  the  problem  space  may  require  a lot  of  storage,  however,  the 
reference  functions  and  performance  evaluation  are  used  incrementally 
and,  therefore,  may  be  stored  conveniently  in  their  differential  equation 
form. 


CONSTRUCTION  OF  THE  CPM 


Reference  Equations 


Construction  of  the  CPM  begins  with  a mathematical  model 
of  the  aircraft  vehicle  dynamics.  The  vehicle  equations  in  this  develop- 
ment are  a set  of  differential  equations  which  may  or  may  not  be  linear. 
These  equations  are  given  by 

^i  “ ^i  ^ ~ l,2,.,.,n,  (1) 

where  x is  the  vehicle  state  vector 


X — (x^ , Xg , . » . , x^) 

and  u is  the  vehicle  control  vector  (controller's  inputs) 


u = (u  , u , ...,  u ). 

1 m 

The  control  vector  will  probably  be  constrained  in  some 
way  by  the  physical  limitations  of  the  equipment.  For  many  problems, 
the  constraints  may  take  the  form 


u. 

J 


where  j = 1 , . . . , m . 


(2) 


Cost  Function 


The  cost  function  (CF)  is  of  the  form 


I (ujt) 


F (x,u)  dr 


(3) 
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If  a fixed  upper  limit  t^  is  understood,  then  the  CF  is  of  the  form 
I (u;t^)  = I (u).  It  is  required  either  that  F (x,u)  >0  or  tha^,  in  special 
cases  F (x,u)  > 0,  Functions  of  this  type  are  termed  positive  definite 
or  positive  semi-definite,  respectively. 

If  the  cost  to  be  measured  is  "time  to  accomplish  the  task," 
then  F (x,u)^  1 • Other  quantities  may  be  used  to  meeisure  the  operator's 
control  cost,  for  instance  "fuel  used  to  accomplish  the  task"  or  "energy 
expended  to  accomplish  the  task." 


Control  Equation 


In  man-machine  systems,  thie  operator's  control  actions  are 
the  functional  "analog"  of  the  control  equations.  For  this  development, 
a fixed  control  policy  is  assumed  for  the  purpose  of  computing  the  best 
policy.  Once  that  is  accomplished,  the  evaluation  of  any  control  including 
a hum£u^  operator's  control  can  be  evaluated.  The  fixed  policy  is  given 
in  the  form 


“k  = 9k 

k—  1,  ...,  m , 
or  in  vector  form  by 

u = g (x).  (4) 


The  Free  System 


Let  u = g(x)  be  a fixed  control  policy;  then  the  free  system 
is  defined  as  the  system  with  feedback  control 

X = f (x,g(x)).  (5) 

This  system  represents  the  behavior  of  the  vehicle  given  a certain  con- 
trol policy. 

The  free  system  is  said  to  be  convergent  if  it  satisfies  the 
control  task  and  the  cost  function  takes  on  a finite  value.  This  last 
condition  means  that  for  the  fixed  control  policy  u = g (x)  we  have  that 
I (u)  = I (u;tJ  has  a finite  value  where  t is  the  time  required  to  achieve 
the  control  task.  ' 
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Generating  the  Cost-to-Go  (CTO)  F-unctions 


In  this  section  the  CTO  function  for  the  free  system  is 
constructed.  For  a particular  control  policy,  u = g(x),  eind  a fixed 
time  interval,  (0,t^,  the  definition  of  the  CF  (3)  yields 


I (g(x))  = 


F"  (x,g(x))  dr 


(6) 


Let  X (t)  be  a solution  of  the  free  system  and  introduce  a function  ®(x) 
defined  along  x (t)  by 


fl(x(t))  = 


(x(t)  i g (x(t)))  dr 


(7) 


Thus,  at  the  point  x(t)  on  the  solution,  ^(x(t))  is  the  cost  (resources) 
to  be  expended  before  x(t)  reaches  its  terminal  value  x(tj.  This 
justifies  the  terminology  **Cost-to-Objective."  Notice  thart,  as  con- 
structed, that  ®(x)  can  be  defined  independently  of  solutions  as  a function 
of  the  state  variable  x so  that  along  any  solution  x(t) 


^ (t),  g(x  (t))  ) = 0 (8) 

dt  x(t) 


For  9(x)  defined  along  a particular  solution  by  (7),  equation  (8)  follows 
eaisily.  The  claim  above  means  that,  given  a control  policy  u = g(x), 
then  there  is  a function  tf(x)  associated  with  it  so  that  along  any  solution 
x(t)  of  the  free  system  equation  (8)  is  true. 


For  a two-dimensional  state  variable  x = (x  , x ),  Figure  1 
indicates  the  behavior  of  convergent  paths  with  respect  to  decreasing 
levels  of  fl(x).  The  following  is  a list  of  properties  of  the  9 function: 


a.  9(x)  decreases  as  I (g(x);t)  increases  along  a solution 


path. 

b.  The  CTO  to  the  objective  is  zero,  given  that  the  oresent 
state  is  the  objective,  i.e.,  9(j0)  s o. 

c.  The  CTO  fVjnction  tf(x)  is  positive  for  all  points  in  the 
state  space  except  the  origin;  i.e.,  0(x)  is  positive  definite.  This  is  a 
result  of  the  restriction  F (x,u)  >0. 


d.  The  fvji**ction  $(x)  is  a convenient  state  space  repre- 
sentation of  the  level  of  cost.  The  CTO  fjnction  cawi  be  used  as  an 
indicator  of  system  convergence  in  the  special  case  where  the  origin  is 
an  equilibrium  point  of  the  system.  fi(x)  is  a Lyeipunov  function  for  the 
free  system  with  respect  to  the  origin, 

e.  If  the  function  F is  F(x,u)=  1 (i.e.,  the  index  I nneasures 
time),  then  0(x)  is  the  "time-to-objective.” 

f.  For  every  free  convergent  system  that  yields  a finite 
value  of  the  cost  ftinction  (i.e.,  a meaningflil  cost  function),  there  exists 
a corresponding  CTO  function. 

g.  If  t is  the  solution  time,  tf(x(t  ))  * 0,  since  x(0  * 0. 

If  x(t  ) is  the  initial  state,  then  tf(x(t  ))  = 1(0 . 

h.  The  partial  derivatives  of  ffw  with  respect  to  the 
state  variables  can  be  identified  with  the  auxiliary  variables  generated 
by  the  Maximum  Principle  of  Pontryagin. 


Constructing  the  Performau'ce  Measure 


The  optimal  control  function  u*  = g*  (x)  is  defined  as  the 
control  policy  that  minimizes  the  cost  to  reach  the  objective;  i.e.,  if 
any  other  control  policy  is  applied,  the  cost  is  either  equal  or  greater 
than  chose  needed  by  the  optimal  policy.  Represent  this  by  the  relation 

I (u*)  < I (u)  (9) 

Figure  2 shows  two  paths  from  the  initial  state  to  the  terminal  state. 
Each  path  is  associated  with  a different  control  policy.  If  u*  is  the 
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optimal  policy,  then  the  cost  incurred  along  its  resulting  path  must  be 
less  than  or  equal  to  the  resources  depleted  along  any  other  path. 


If  the  optimal  control  function  u*  can  be  found,  then  the 
corresponding  function  $*  can  be  computed.  This  function,  can 

be  referred  to  as  the  "minimum  CTO"  or  the  "CTO"  if  the  optimum  control 
policy  is  used.  Since  9*  (x)  is  a function  of  the  state  variables,  its 
rate  of  change  along  paths  produced  by  any  control  policy  can  be  com- 
puted* That  is,  given  any  control  policy  g(x),  the  free  system  can  be 
solved  with  this  control  policy.  Denoting  this  process  by  citf*  I , a new 

dt  g 


function  ^ can  be  defined  by 


*(x»g(x)) 


dg* 

dt 


+ F (x,9(x)) 


(10) 


where  g (x)  represents  any  control  policy  subject  to  the  boundedness 
conditions  of  (2).  If  the  optimal  control  policy  is  used,  then,  due  to 
the  construction  of  9*  by  (8) 


4(x,9*  (x))  « 


dg* 

dt 


g*  + F(x,g*  (X)) 


0 


(11) 


Now  it  is  asserted  that  a necessary  and  sufficient  condition  for  u*  = g*(x) 
to  be  the  optinrtum  control  policy  is  that 


^(x,u*)  = mm  ^x,u)  = 0.  (12) 

Condition  (12)  immediately  Implies  that  for  any  allowable  control 


568 


I 

! 

f 


♦(x,u)  a 0.  (13) 

The  function  ^ is  the  desired  continuous  performance  measure  which  is 
the  sum  of  the  rate  of  reduction  of  least  cost  ( ff*)  and  the  rate  of 
cost  incurred.  Thus  the  instantaneous  value  of  ^ is  the  instantaneous 
effect  of  the  control  error  on  summary  performance  - thus  allowing 
continuous  evaluation  of  the  operator  control  (u). 


Constructing  $ (x) 


#(x)  has  been  constructed  along  solutions  of  tine  plant  by 

defining 

J/f 

f F (X(r),  g (X(r)))  dr  (14) 

t 

From  this  equation  one  must  have 

^ (x(t),)g(x(t)))  = 0 

dt  I x(t) 

aund  one  derives 

(x(t))~  + F (x(t);  g (x(t)))=  0 (15) 

along  a solution 

|J(x(t))  f (x(t),  g(x(t)))  + F (x(t),  g(x(t))  = 0 (16) 

Now  let  0 (x)  be  the  solution  of  the  first  order  partial 
differential  equations 

U (x)  f (x,  g(x))  + F (x,  9(x))  * 0 07) 

with  the  condition  tf(0)  « 0,  where  x » 0 is  the  desired  terminal  state. 
Then  0 is,  only  state-dependent  and  is  free  of  any  particular  solutions. 


A NECESSARY  AND  SUFFICIENT  CONDITION  FOR  A POLICY  TO  BE  OPTIMAL 


In  the  previous  section,  it  was  stated  that  a necessary  and 
sufficient  condition  for  a policy  u*  to  be  optimal  is  that 
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^(X,  u)  ss  0 


1 


U*)  = mjn 

The  purpose  of  this  section  is  to  make  this  result  moi  e precise  by 
indicating  a proof.  In  order  to  establish  the  necessity,  a proof  by 
contradiction  ceu^  be  used.  Let  u*  = g(x)  be  eui  optimal  policy  and 
suppose  that  there  is  another  policy  u^  = g^  (x)  such  that 


Then 


and  thus 


^(x,  g^  (X))  < ^ (X,  g*  (x))  = 0 


dfl* 

dt 


+ F (x,g  (X))  < 0 

9o  o ^ 


(18) 


(19) 


^ (x^(t))  < -F  (x^(t),  g^(x^(t)))  (20) 

where  x (t)  is  a trajectory  of  the  vehicle  under  the  control  policy 
u = g (x).  Integrating 
° ° t t 

f F(X^(0,  9^  (X^(r)»  * < - /"  If-  dr  (21) 


Therefore 

I <-i9*  (x^Ctf))  - 

since  (t^)  * 0,  the  terminal  state.  This  contradicts  the  fact  diat  u* 
is  optimal 


To  show  the  sufficiency, 
using  the  control  policy  u*  is  t^ . 


assume  that  the  solution  time 

(23' 


but. 


Vx.  9* 


(x»  dr 


dr  + 


F(x,  g*(x))  dr  * 0 


U 


(24) 
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where 


! 

! 

i 


9*  (t^)  = 0 


(25) 


Also 


^ F (X,  g*  (x))  dr  = I (u*;  t^)  - I y 


(26) 


where 


I (u*;  t ) = 0 


(27) 


Thus  the  cost  of  using  the  control  policy  u*,  represented  by  I (u*)  - I(u  ;t^). 


is 


I (U*)  = 9*  (y 


(28) 


One  can  integrate  (^)  in  a similar  manner  assuming  that 
the  solution  time  for  another  control  policy  u = g (x)  is  t^.  Thus 


/■ 


Xx,  g(x))  d 


■ ■ /=«-■*•/ 


+ # " F(x,  g(x))  dr 

0 


= 9*  (t^)  - e*  (tj  + 1 (uj  t ) - I (uj  t ) 


(29) 


but 


I (UJ  y * 0 


(30) 


and  9*  (t  ) “ 0 since  the  desired  state  is 
Thus,  the  cost  of  using  the  control  policy 


the  origin  where  9*  is  zero, 
u represented  by  I (u)  is 


I (u)  = I (u;  tg)  = (y  + 


^(x,  g(x))  dr 


(31) 


One  has  ^(x,  g(x))  t 0 and  clearly  the  integral  of  this  ftjnction  must 
be  greater  than  or  cscual  to  zero.  Thus  one  concludes  that 

I (u-^)  < I (u)  (3' 

which  is  wnat  was  set  out  to  be  proven. 
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DEVELOPING  THE  PERFORMANCE  MEASURE  FOR  A 
LINEAR  PLANT  WrPH  QUADRATIC  COST  FUNCTION 


T ^ T their  respective  vector 
l^t  x.and  u be, vectors,  x and  u 
transposes,  consider  the  plctnt 


X = Ax  + Bu 


(33) 


with  the  cost  index 


I 


=/ 


^ x Qx  + ^ u"*"  Ru  I dr 


■] 


(34) 


Assume  that  u is  not  constrained  and  that  Q aund  R are  positive  definite 
symmetric  matrices.  Then  the  optimal  control  for  this  system  becomes 


u*  = - r”^  Kx 


(35) 


where  K is  the  constant  positive  definite  symmetric  matrix  solution  of 
the  nonlinear  matrix  algebraic  equation 


KA  + a"*^  K - KBR-^  B^  K + Q = 0 

The  continuous  performance  measure  is  given  by: 

^ Ax  + ~ Bu  + — X Qx  + ~ u Ru 

3x  3x  2 2 

Then,  to  minimize  one  must  have 

•|^  = -^B  + u^R  = 0 
3u  = ox 

This  implies  that  the  optimal  controller  is  of  the  form 

vT 

I # 4k  yi 

u*  = - R 


■’  (^) 


(-36) 


(37) 


(38) 


(39) 


Equations  (35)  and  (39)  indicate  that  this  is  indeed  true,  i.e., 

U = x"^  K (40) 

which  means 

® = 1 x''’  Kx  (41) 
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Take 


Introduce  this  into  (37)  aind,  using  (40),  it  can 
^ (Au)^  R (Au) 


+ Au. 

be  shown  that 


(42) 
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PROBLEMS,  QUESTIONS  AND  RESULTS  TN  THE  USE  OP  THE  BBN-MODEL 


By  Dieter  Dey 

VFW-Fokker,  Bremen,  Germany 


SUMMARY 


The  work  reported  in  this  paper  was  done  within  the  Human-Engineering  Group  of 
the  Institute  of  Aeronautics  and  Astronautics  of  the  Technical  University  of 
Berlin  and  is  documented  In  detail  in  reference  1. 

Starting  with  the  human-engineering  background  a short  but  systematic  review 
of  the  structure  and  the  elements  of  the  BBN-siodel  is  given  to  look  at  the 
Inherent  problems  of  the  model.  Numerical  results  of  a simple  example  using 
the  BBN-model  are  taken  to  demonstrate  the  influence  of  the  variation  of 
different  parameters  of  the  model  on  the  covariance  matrices  of  the  state  and 
observation  vector. 

It  is  shown  that  the  parameters  of  the  model  could  not  be  identified  with 
measured  mean  squared  values  from  a test. 


SYMBOLS 


A system  matrix 

B control  matrix 

C observation  matrix 

T 

C transponsed  observation  matrix 

E { ) estimate 

e control  error 

G weighting  matrix 

G weighting  factor 

L optimal  gain  matrix 

observation  noise  ratio  of  the  state  x^ 

P^  motor  noise  ratio  of  the  control  function  u 

P covariance  matrix  of  the  estimation  error 


'4 

•'.4 
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PAOB  Bumc  wi 


1 


s 

R 

t 

T 

T 

N 

u(t) 

u 


V 

— u 

V 

— u 


V 

-y 

v-i 

-y 

w 

W 

X 


X 

— e 

X(t>T) 

X 

^ or 
Y 

6 (t-t*) 


weighting  matrix 
weighting  matrix 
time 

observation  time 
neuromuscular  lag  time  constant 
optimal  control  vector  at  time  t 
derivative  of  the  control  vector 
commanded  control  vector 

motor  noise  vector  with  zero  mean  gaussian  white  noise  elements 
power  density  matrix  of  the  motor  noise  vector 

observation  noise  vector  with  zero  mean  gaussiau  white  noise  elements 
power  density  matrix  of  the  observation  noise  vector 
inverse  power  density  matrix 

disturbance  vector  with  zero  mean  gaussian  white  noise  elements 
power  density  matrix  of  the  disturbance  vector 
state  vector 

initial  value  of  the  state  vector 

derivative  of  the  state  vector 

extended  state  vector 

estimate  of  the  delayed  state 

covariance  matrix  of  the  state  vector 

delayed  and  noisy  observation  vector 

covariance  matrix  of  the  observation  vector 

system  output  due  to  control  input 

delta  function  at  time  t-t* 

delay  time 


1 


INTRODUCTION 


We  studied  the  guidance  and  control  of  a VTOL-aircraf t and  looked  at  this  task 
as  a hierarchical  structured  control  problem,  reference  2.  We  could  not  find 
a tested  model  describing  the  human  operator  in  such  tasks  and  so  we  decided 
to  take  the  BBN-model  developed  by  Baron,  Kleinman  and  Levison  to  describe 
the  human  operator  dealing  with  a multi  variable  control  problem,  references 
3 and  A. 

The  model  is  based  on  the  assumption,  that  a well  trained  operator  optimizes 
a quadratic  optimization  criterion.  It  could  be  used  for  stabilization  tasks 
of  linear,  time-invariant  systems.  The  model  considers  some  special  character- 
istics of  the  human  operator  as  time  delay,  neuromuscular  time  lag,  observa- 
tion and  motor  noise  and  the  ability  to  extract  the  first  derivative  of  a 
displayed  value. 

Figure  1 shows  the  structure  of  the  model.  The  human  operator  perceives  v , 
the  delayed  and  noisy  information  about  the  state  of  the  system  and  its  ~ 
first  derivatives.  The  optimal  filter  derives  x(t-T),  an  estimate  of  the 
delayed  state  and  the  predictor  gives  .^(t),  the  actual  estimate  of  the  state. 
The  optimal  controller  generates  u(t),  the  optimal  control  vector.  Without 
the  introduction  of  motor  noise  and  the  neuromuscular  lag  time,  we  have  a 
problem  well  known  to  control  specialist. 

In  the  state  space  the  system  to  be  controlled  including  the  filter  of  the 
disturbance  input  is  described  by 

x(t)  =:  Ax(t)-h  8u  It)  -Hw(t) 
with  the  covariance  matrix  of  the  disturbance  vector 


The  delayed  and  noisy  observation  vector  is  defined  as 

jfpit)  = y(t-r  )+  Wylt  -r  J 

with  the  covariance  matrix  of  the  observation  noise  vector 


Yyrf(t-t') 


Acquired  is  the  controller  which  minimizes  the  optimization  criterion 


It  j i I 


At  this  point  we  believed,  that  the  optimal  control  model  was  not  documented 
for  the  use  of  human  engineering  specialists  in  a way,  giving  on  one  side 
enough  insight  in  the  problems  and  limitations  of  the  model  and  on  the  other 
make  it  ready  to  use.  So  we  decided  to  derive  the  equations  for  the  optimal 
control  model  step  by  step,  writing  a guide  book  for  its  use* 


t 


r 
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CALCULATION  OF  THE  COVARIANCE  MATRIX  OF  THE  STATE  AND 
OBSFJIVATION  VECTOR 


Figure  2 shows  the  optimal  control  of  the  described  system  with  the  cascade 
combination  of  an  optimal  filter,  an  optimal  predictor  and  an  optimal  con- 

T -1 

troller.  Herein  M*PC  V is  the  steady  state  optimal  observer  gain  matrix, 

y 

weighting  the  difference  between  the  estimated  delayed  state  and  the  actual 
delayed  state. 

£ turns  out  to  be  the  covariance  matrix  of  the  estimation  error  minimized  by 
the  Kalman  filter. 


With  the  analogy  between  optimal  control  and  optimal  filtering  it  can  be 
shorn,  that  £ is  calculated  with  the  Riccati  differential  equation. 

-T  ..-1 


+ P = AP  + PA 


-PC'  ^ ■ CP  + W 


For  the  covariance  matrix  of  the  estimated  state  X we  get  with  the  optimal 
feedback  law 

u (0=-i:X(t) 


and 


a R’’  K 


and  K being  the  stationary  solution  of  the  matrix  Riccati  equation 

-K  * + KA- KBR"’b^K  + Q 

A ^ 


X - XSK  2^  + XD 

In  this  equation  ^(i)  is  the  transition  matrix  of  the  system  to  be 

controlled  and  • ^(t-o)  with  A - A - ^ la  the  transition  matrix  of 

the  closed  loop  system.  Instead  of  the  integral  equations  it  is  possible  to 
derive  differential  equations.  So  XP  is  the  solution  of 


XP  = AXP  + XP  A*  + W 


at  time  t 
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i 
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and  ^ is  the  stationary  solution  of 

^ L9  Its  ^ f Yy  'SE 

can  be  calculated  from 


j s A $ 


at  time  T 


The  covariance  matrix  of  the  observation  vector  Is  given  by 


E 


X Y X c 


INTRODUCTION  OF  A WEIGHTED  CONTROL  RATE 


Now  we  have  to  Introduce  a weighting  of  the  control  rate,  which  results  In  the 
Introduction  of  a first  order  lag  element  In  the  optimal  controller.  The 
performance  criterion  Is  now 


J(u)=E 


.T^  . 

u G u 


)dt! 


There  Is  to  be  defined  an  extended  state  vector 

«e  (')  = [»  W / J?  (')]  ^ 

8J  that  we  can  use  the  former  equations.  For  this  extended  state  the  differ- 
ential equation  we  look  at,  has  the  form: 


ie  * e §0  H (»)  + ^o  (0 


with  the  matrices 


I i 

A,.= 


U ! 


0 I 0 


The  optimal  control  law  is  now 
with  the  optimal  gain  matrix 


' H r • 

h " ; £j 


u (t)  = (t) 


io= 
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t 

I 

] 

1 


I 


and  being  the  solution  of  the  equation 

T 


Ko Ao Ao’ !S>  -Ko?oG 


-1  „ T 


Bo’  Ko  + Qo=0 


with 


Q i 0 
I 


.2  I aj 

The  optimal  control  law  can  be  written  in  the  form 

o(t)  = -L^  f(t)  -J,2  u(t) 


in  which  is  the  part  of  the  optimal  gain  matrix  weighting  the  old  estimated 
state  vector  ^(t)  and  L.  is  the  part  which  weights  the  old  control  vector 
u(t).  A comparison  of  this  equation  for  u(t) 


In  u(0  + o(t)=-L3  J (t)^ 


gives  L2  “ T^^  and  " —2^—1  * — 1*  instead  of  the  new  control  vector 

u(t)  an  Internal  control  vector  (commanded  control  vector)  u (t)  is  defined. 


Figure  3 shows  what  has  been  done.  In  the  model  G and  ^ are  connected,  the 
election  of  a special  G results  after  calculating  L in  some 

— “O  “TJ 

INTRODUCTION  OF  MOTOR  NOISE 


The  motor  noise  is  Introduced  by  setting 

u (t)  + u (0  = Ujj  (0  + ^ vO 

“ Vy  i (t-  t')  . At  this  point 

the  model  leaves  the  theoristlcal  basis  of  optimal  control  theory,  but  it  is 
said,  that  as  long  as 

^ (t)  Vu  (tl  I 

this  could  be  tolerated  and  results  in  a suboptimal  control.  It  is  assumed, 
that  the  optimal  control  gain  matrix  L is  unaffected  by  the  introduction  of 
the  motor  noise. 

Putting  the  neuromuscular  lag  time  elements  to  the  system  to  be  controlled, 
the  motor  noise  can  be  handled  together  with  the  disturbance  vector  of  the 
system.  This  results  in  the  differential  equation 

ie  A 1 lO  + 3 , u ^ (t)  + (0 
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A 1 B 

fi  [-In 


0 ~|  r w 

W^= 

T T 

L In  In  lu 


= 


— -+ — <^(t-t')s= 

1 1 iT 

^ ! ±N  In 


To  get  the  covariance  matrix  of  the  extended  state  vector  we  have  to  calculate 


X. 


P,  + 


r n 


- A I B 

A = __±- 


Q < il 


V 0 

ly  I 2L 

0 I >0 


The  power  density  of  the  motor  noise  and  the  elements  of  the  power  density 
matrix  V^Citl)  are  calculated  with  noise  ratios  from  the  associated  measured 
mean  squared  values 


P„e  {»(*} 


Vu  ■ n Pu  E 


Pu  n 
i+Puit 


(•■} 
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CALCULATION  OF  AN  EXAMPLE 


To  use  the  model  you  must  have  a computer  program.  We  wrote  a Fortran  pro- 
gram, called  KOVAR,  which  computes  the  covariance  matrices  X and  Y and  which 
allows  a variation  of  the  model  parameters  , p^^  and  p^.  The  program  t 

together  with  flow  charts  is  documented  in  detail  in  reference  1. 


The  program  is  built  in  three  levels.  The  first  level  is  the  main  program, 
the  second  level  consists  of  a group  of  programs  solving  the  five  differential 
equations  and  a third  level  consists  of  a program  solving  differential 
equations  with  a method  from  Runge-Kutta  (reference  5)  and  a matrix  library. 
The  library  is  introduced  to  run  the  program  KOVAR  on  different  computers. 

The  Runge-Kutta  method  is  more  time  taking  than  the  Iterative  method  proposed 
by  Kleinman  in  reference  6,  but  has  the  advantage  that  it  can  be  used  for 
stationary  and  none  stationary  solutions  and  needs  no  proper  chosen  starting 
point.  The  Runge-Kutta  method  is  steering  its  step  width  in  accordance  to  a 
chosen  accuracy  limit.  The  computing  time  is  very  much  depending  on  this 
accuracy  value  and  the  numerical  range  of  the  weighting  factors  of  the 
matrix. 

We  now  look  at  a very  simple  example  given  by  the  inventors  of  the  model  in 
references  3 aiul  4.  Figure  4 shows  the  simulated  system.  The  differential 
equations  are 

(0  = -2  (t)  + w (t) 

*2  (0  = (t)  + u (t) 


They  can  be  written  in  the  form 


'*r 

-2  O' 

O' 

u 

w 

Xj 

1 0 
• « 

/2. 

+ 

1 

0 

+ 

0 

with  system  matrix  A = 


and  control  matrix  B = 


-2  0 

1 0 

The  extended  system  to  Introduce  the  weighted  control  rate  is 


with 


*1 

-2 

0 

o' 

0 

u 

w 

X2 

= 

1 

0 

1 

X2 

0 

0 

+ 

0 

• 

u 

0 

0 

0 

_u 

1, 

0 

i < 

0 

2 0 0' 
1 0 1 
0 0 0. 


and  -^0  ~ [O  0 l]  ^ 
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The  power  density  matrix  is 


Wo  ' 


8,8  0 

0 0 

. 0 0 


0 

0 

0 


For  the  observation  vector  we  have 


^ * 

y\ 

0 

1 

o' 

’‘1 

N 

1 

0 

1 

+ 

^2 

/3. 

0 

0 

0 

u 

0 

p m 

with 


I 

0 


1 0 
0 1 
0 0 


For  the  discussed  axAple  the  optlnlzstion  criterion  is 

J (u)  = E G-e|o2| 

which  gives  with  e*-X2  a cost  weightings  matrix  of 

0 0 0 


Q - 

— o 


0 

0 


1 

0 


0 

0 


The  weighting  of  the  control  rate  was  chosen  to  G"0. 00017,  resulting  in  a 
neuromuscular  lag  time  constant  of  T^"0.08.  In  accordance  to  the  references 


Subsequently  the  po%ier 
density  matrix  of  the  observation  noise  has  the  form 


the  noise  ratios  were  p ,*p  .>0.01  and  p *0.003. 

•^yl  *^y2 


aooioa 

0 


0 

0,09739 

0 


0 

0 

>0 
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The  element  33  has  to  be  greater  than  zero  because  the  matrix  has  to  be 
inverted.  The  element  has  no  Influence  on  the  calculation  due  to  the  structure 
of  the  V matrix  and  the  observation  matrix  C. 

-y  - 

Now  the  gain  matrix  of  the  optimal  controller  ^ can  be  calculated  giving  the 
neuromuscular  time  constant  Having  this  we  define  the  extended  system  of 

differential  equations  to  calculate  the  covariance  matrices  X and  Y.  We  get 


-2 

0 

0 

0 

-]  ~ 

1 

0 

1 

i,= 

0 

0 

0 

-1/0,08 

1/0,08  J 

’8,8 

0 

0 

Wl  = 

0 

0 

0 

0 

0 

0,03921/(0,08)2 

The  results  of  our  program  are  shown  in  Table  1.  They  are  in  a good  agreement 
with  the  reported  data  from  references  3 and  4.  The  computing  time  for  this 
example  with  an  accuracy  limit  of  the  Runge-Kutta  method  of  10~^  was  11 
minutes  on  a CDC  6600. 


VARIATION  OF  THE  PARAMETERS 

We  now  started  to  variate  the  parameters  T^^,  p^^,  p^^*  Py  T and  looked  at 
their  influence  on  the  covariances.  It  can  be  shown,  that  only  the  crosscovar- 
lances  and  X22  give  in  addition  to  the  diagonal  elements  *22*^11*®^* 

^33"”  ^22  information  about  the  systems  performance.  The  complete  nominal 

covariance  matrices  are: 


2,19781 

0,35498 

-1,48691 

0,35498 

0,11670 

-0,34920 

-1 ,48691 

-0,34920 

3,74796 

0,11671 

0,00578 

0 

0,00578 

2,97195 

0 

0 

0 

0 
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Little  numerical  differences  to  the  results  In  Table  1 came  up  with  the  use  of 
a PDP  11/20  and  mixed  accuracy  values  for  the  Runge-Kutta  method  In  this  part 
of  the  work. 

Figure  5 shows  the  Influence  of  or  G on  the  elements  of  the  covariance 
matrices.  In  addition  to  our  calculations  you  see  some  values  taken  from 
reference  3. 

Figure  6 shows  the  Influence  of  the  noise  ratio  p . on  the  covariances.  The 
little  influence  of  great  noise  ratios  can  be  explained  with  the  character- 
istics of  the  Kalman  filter,  which  in  these  cases  estimates  the  state  vector 
on  the  basis  of  his  internal  model. 

Figure  7 shows  the  effect  of  a variation  of  the  noise  ratio  Py2* 

Figure  8 shows  how  a variation  of  the  motor  noise  ratio  py  Influences  the 
covariances.  We  get  a linear  dependence  and  no  effect  on  the  crosscovariances. 

Figure  9 shows  the  Influence  of  t on  the  covariances. 

Table  2 shows  the  investigated  range  of  parameters  and  the  deviation  of  the 
covariances  from  their  nominal  values  within  that  range  expressed  as  percent- 
age. Now  we  changed  one  parameter  so  far,  that  we  could  compensate  its 
influence  on  the  covariances  with  a variation  of  the  other  parameters.  With 
this  procedure  we  get  the  parameter  range  of  Table  3. 

Within  this  parameter  range  we  can  find  an  unlimited  number  of  parameter 
combinations  giving  all  the  same  covariance  matrices.  We  can  also  come  as 
close  as  we  want  to  the  measured  data  from  reference  3.  In  the  investigated 
range  for  Py2  ve  find  no  upper  value  which  we  could  not  compensate  with  other 
parameters.'^ 


CONCLUDING  REMARKS 


We  can  say,  that  the  measured  mean  squared  values  are  not  enough  to  Identify 
the  parameters  of  the  BBN-model.  To  do  the  identification  one  has  additionally 
to  adapt  the  describing  function  and  the  power  density  spectrum  of  the 
remnant.  For  this  purpose  the  adapted  state  has  to  be  defined  more  accurately. 

We  have  to  prove,  that  with  the  adaptation  of  the  describing  function  and  the 
power  density  spectrum  reliable  model  parameters  can  be  identified.  If  this 
is  practicable  the  BBN-model  has  the  performance  of  the  well  known  quasi- 
llnear  model. 

Only  if  we  can  prove,  that  also  for  complex  multi-input  and  multi-output 
systems  exact  parameter  values  can  be  found,  the  model  brings  great  advantages 
compared  with  the  quasl-llncMr  model. 

The  BBN-model  presumes,  that  the  human  operator  is  capable  of  generating  some 
exact  inner  models  of  the  system  to  be  controlled.  The  question  is,  how  the 
model  will  work  when  the  system  and  the  control  matrix  of  the  filter  and  the 
predictor  do  not  be  the  same  as  in  the  controlled  system. 


If  these  questions  are  answered,  we  can  start  to  use  the  model  to  describe 
scanning  behaviour,  learning  effects,  workload  and  the  effect  of  different 
Information  Input  and  output  systems  on  the  performance  of  the  human  operator. 
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Fig.  6 : Deviation  of  the  covariance  from  their  nominal  values  as  a function  of  p, 
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0,13 

0,12 
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4,2 
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“2 

^2 
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Tob.1  Measured  and  calculated  mean  squored  values 
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Tab. 2 Deviations  of  the  eovarlanees  from  their  nomlnol  values  expressed  as 
percentage 
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SUMMARY 


The  performance  of  a human  in  a closed  loop  tracking  task  can  be  deter- 
mined by  using  a slnq[>le  low  pass  filter  model  with  a least  squares  identifi- 
cation algorithm.  The  crossover  model  and  the  extended  crossover  model  can 
be  shown  to  be  special  cases  of  the  low  pass  filter  model  presented  here. 
Performance  in  tracking  can  be  easily  determined  by  mean  square  tracking 
error  (^BMS)  which  can  be  written  in  terms  of  the  parameters  of  the  low  pass 
filter  model.  A closad  form  expression  for  the  effective  time  delay  (^eq)  is 
also  obtained.  The  model  presented  here  may  have  applicability  in  the  analy- 
sis of  non-linear  or  time  varying  c].osed  loop  systems.  Experimental  data 
from  a roll  axis  tracking  simulation  is  presented  and  simple  prediction  rules 
involving  ^BMS  and  ^eq  are  determined.  A comparison  is  made  between  this 
model  and  the  crossover  model  with  respect  to  their  differences  and  similar- 
ities . 


INTRODUCTION 


The  study  of  methods  to  evaluate  tracking  performance  in  the  classical 
closed  loop  tracking  problem  has  been  a subject  of  great  Interest.  Probably 
the  best  known  and  most  credible  approach  to  determining  tracking  performance 
and  pilot  pareuneters  is  the  crossover  model  {1].  A second  approach  to  this 
problem  is  to  relate  the  pilot  parameters  during  the  tracking  task  to  quali- 
tative ratings  of  pilots  in  the  evaluation  of  flying  capability.  This  is 
accomplished  by  the  use  of  the  paper  pilot  [2,3].  The  paper  pilot  utilizes 
the  Cooper  Harper  Ratings  [4,5]  to  evaluate  a pilot's  opinion  of  the  response 
characteristics  of  the  aircraft.  The  optimal  control  model  [6,7]  has  also 
been  used  to  develop  methods  to  predict  pilot  performance  ii\  the  tracking 
task. 


This  paper  is  concerned  with  the  relationship  between  performance  in 
tracking  and  parameters  of  the  man  or  man-maebine  in  the  closed  loop.  A 
performance  model  (termed  the  a model)  is  Introduced  here  to  more  acci  rately 
Illustrate  a dependence  between  model  parameters  and  tracking  performance. 
The  tracking  problem  of  interest  will  first  be  defined. 
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THE  TKAOCING  PBOBLEM 


Figure  (1)  Illustrates  the  man  in  the  loop  problem  considered  here.  The 
forcing  fijnctlon  £(t)  consists  of  a low  pass  filtered  white  Gaussian  noise 
source  of  a specified  bandwidth.  The  human  Is  presented  the  displayed  signal 
e(t)  and  his  task  is  to  aline  the  system  to  be  controlled  with  the  forcing 
function  Input  signal  such  that  the  error  signal  Is  as  small  (in  magnitude) 
as  possible.  The  only  Information  given  on  the  error  signal  was  its  display 
on  a cathode  ray  oscilloscope.  This  type  of  tracking  run  Is  for  the  fixed 
base  or  static  mode  of  operation  (figure  2). 

In  the  motion  mode  of  operation  (figure  2) , the  plant  dynamics  were 
Identical  as  in  the  static  case;  however,  stick  control  movements  caused 
rotation  of  the  simulator  about  the  roll  axis  with  the  same  knowledge  of  the 
visual  display  signal.  Ti  us  In  the  second  mode  of  operation,  the  subject 
received  information  about  the  error  through  the  visual  display  (as  In  the 
static  mode)  and.  In  addition,  gained  Information  about  the  plant's  response 
from  his  motion  sensors  and  vestibular  system. 

Three  different  plants  were  considered  In  this  study  of  motion  effects 
on  performance: 


10(. 


Plant 

1: 

G(>)  - 

b(l  + a/.'j)  (1  s/G.O) 

(1  i) 

300. 

Plant 

2: 

i;(:>;  - 

(1  + »/6.0) 

(!■:) 

Plant 

3: 

OVi)  - 

ir 

+ s/,j  ,)  (1  + a/. 5)  (1  + s/G.O) 

(U) 

For-  the  different  plants  considered  here,  the  effect  of  motion  Informa- 
tion on  performance  was  str  >ngly  dependent  on  which  plant  was  being  con- 
trolled. Using  as  a measure  of  performance  Root  Mean  Square  error  (@BM5) 
defined  as: 

2 1 I 

CRMS  T / , e2(t)dt 
0 

Where  T was  chosen  to  be  120  seconds.  Table  1 Illustrates  the  effect  of  mo- 
tion Information  on  performance  in  tracking  (^BMS  values  are  In  degrees) : 


TABLE  I 


Mode  of  Operation 

Forcing  Function  ■ 
0.25  radians 

Forcing  Function  « 
0.25  radians 

Plant  1,  Static  Mode 

Plant  1,  Motion  Mode 

ePMS  - 26.867 

eRMS  ' 46.99  1 

Plant  2.  Motion  Mode 

epMS  - 10.87 

Plant  3,  Static  Mode 

®RMS  - 79.43 

■ 1 ■■nil  — 

Plant  3,  Motion  Mode 

*RMS  - 27.01 

eRMS  « 38.25  1 
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The  above  error  scores  represented  mean  ®RMS  scores  averaged  over  8 
different  subjects,  who  participated  in  4 different  (2  minute)  tracking  tasks 
held  twice  each  day.  The  subjects  were  trained  for  38  days  prio..  to  the  data 
(six  days  of  tracking)  presented  in  Table  I. 


It  is  noted  that  for  plant  1,  the  effect  on  performance  of  motion  Infor- 
mation was  not  significant;  in  fact  in  the  motion  case,  performance  was  some- 
what degraded.  For  plant  2,  the  presence  of  motion  information  aided  in  the 
tracking  task.  For  the  third  plant,  the  presence  of  motion  information 
resulted  in  a significant  Improvement  in  performance.  An  identification 
algorithm  was  used  to  determine  the  model  parameters . 


A LEAST  SQUARES  IDENTIFICATION  ALGORITHM  TO  DETERMINE  MODEL  PARAMETERS 

In  the  analysis  of  data  from  the  roll  axis  tracking  experiment,  the 
method  of  obtaining  model  parameters  was  based  on  a least  squares  identifi- 
cation algorithm.  Figure  (3)  Illustrates  this  output  error  - least  squares 
algorithm  in  which  model  parameters  are  identified  using  the  displayed  error 
as  the  input  signal  and  the  plant's  position  as  the  output  signal. 


In  order  for  the  identification  problem  to  bo  well  posed,  the  input- 
output  parameters  were  assumed  to  be  characterized  by  the  following  transfer 
function  (second  order  structure): 


0(3) 


K ( 3 + a ) 

8^  + bs  + C 


The  unknown  parameters  (K,a,b,c)  are  iterated  upon  until  the  following 
performance  index  is  minimized: 


(2) 


where  e(t)  is  the  output  error 


In  order  to  identify  the  delay  ‘'^eq,  the  input-output  signals  were  shifted  an 
Integral  multiple  of  the  sampling  rate  until  the  performance  index  reached 
its  lowest  value.  The  value  of  time  lag  which  gave  J its  lowest  value  was 
selected  as  the  value  of  effective  lag. 

In  using  the  identification  algorithm  with  equation  (1),  state  variables 
are  chosen  and  the  following  canonical  form  results  for  the  state  equations 
and  measurement  equations: 


(3a) 
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The  system  equations  (3a-b)  represent  a completely  controllable  and  com- 
pletely observable  system.  The  Identlf lability  conditions  [11]  are  now 
satisfied  and  the  modeling  problem  Is  well  posed  with  a unique  solution  for 
the  model  parameters. 


The  best  second  order  linear  model  obtained  from  the  Identification 
algorithm  represents  the  best  linear  fit  of  the  data  despite  its  nonlinear 
or  noisy  nature.  A credibility  study  on  the  Identification  algorithm  was 
performed  to  compare  answers  obtained  from  this  approach  to  other  methods 
'ised  to  model  man-machine  systems. 


A CREDIBILITr  STUDY  - IDENTIFY  A KNOWN  PLANT 

In  order  to  establish  how  answers  obtained  from  the  Identification 
algorithm  compare  with  other  methods  to  model  physical  systems,  various 
tests  were  made.  To  Illustrate  some  of  the  results  of  these  tests  Plant  IX 
Is  used  as  an  example. 

The  credibility  of  the  algorithm  was  examined  with  respect  to  three 
variables  of  Interest  (sampling  rate,  real  time  duration  of  data,  and  en- 
semble averaging  of  data).  Using  as  an  input  the  stick  voltage  and  as  the 
output  the  position  of  the  plant,  the  system  being  controlled  was  identified 
using  Input-output  signals  of  different  amplitudes  and  frequency  content. 

The  source  of  the  different  input-output  signals  was  the  response  of  the 
different  subjects  involved  In  the  tracking  experiment.  Figure  (4)  illus- 
trates the  effect  of  ensemble  averaging.  For  the  16  seconds  of  tracking 
data  presented  here  the  lower  limit  of  credibility  was  .42  radians.  It  Is 
noted  that  as  the  number  of  ensemble  averages  increase,  the  algorithm  gives 
answers  closer  and  closer  to  the  lower  limit.  The  upper  limit  of  credibi- 
lity was  dependent  on  the  sampling  rate  (50  Hz  used  here)  and  also  on  the 
signal  to  noise  ratio  in  the  data.  For  the  plant  identified  here,  the 
signal  to  noise  ratio  of  about  10/1  restricted  the  upper  frequency  limit  of 
credibility  to  about  10  radians  (20  db  below  the  highest  Identified  signal 
strength) . 

A further  study  of  credibility  Included  an  investigation  of  the  system 
order  assumption.  The  plant  was  first  assumed  to  be  second  order  and  the 
Identification  was  performed.  The  same  data  was  then  assumed  to  be  from  a 
third  order  plant  and  the  Identification  was  redone  as  a comparison.  After 
ensemble  averaging  the  answers  for  each  assumed  system  order,  the  results 
are  displayed  In  Figure  (5) . Between  the  upper  and  lower  frequencies  of 
credibility,  the  identified  transfer  functions  appear  approximately  the 
same.  Finally,  the  different  methods  of  modeling  were  compared  in  Figure 
(6).  The  best  second  order  model  (12  ensemble  averages)  Is  compared  to  the 
best  third  order  model  (10  ensemble  averages)  displayed  by  the  solid  and 
dashed  line,  respectively.  It  is  noted  that  the  third  order  guess  on  the 
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system  structure  differed  from  the  second  order  guess  due  to  its  flexibility 
in  choosing  the  shape  of  the  transfer  function.  Also,  the  data  from  this 
plant  was  corrupted  with  noise  above  5 raalans.  Below  0.5  radians  (where  the 
other  credibility  limit  occurs)  it  is  noted  that  all  the  plots  also  become 
inconsistent.  The  thick  solid  line  is  the  actual  bode  plot  of  the  plant 
simulated  and  Is  drawn  here  as  a comparison  to  the  modeling  approaches.  It 
is  noted  that  the  upper  credibility  limit  of  only  5 radians  occured  mainly 
because  the  plant's  characteristics  are  down  AO  db  (and  therefore  are  in  the 
noise)  from  the  peak  signal  strength  at  S radians.  Most  of  the  data  to  be 
presented  here  had  an  acceptable  credibility  range  from  0.8  radians  to  over 
10  radians. 

ANALYSIS  OF  THE  DATA  FROM  THE  BOLL  AXIS  TRACKINC  SIMULATOR 

It  is  of  interest  in  the  development  of  a model  to  predict  performance 
to  look  at  parameters  for  the  man-machine.  Figures  (7),  (8),  and  (9)  illus- 
trate the  transfer  function  across  the  man-machine  for  plants  I,  II,  and  III 
respectively.  It  is  observed  that  for  plants  where  motion  helps  tracking, 
the  man-machine  parameters  shew  more  and  siore  lead  characteristics  as  the 
effect  of  motion  Improved  performance.  Figure  (10)  was  obtained  by  using 
Fourier  coefficients  to  demonstrate  the  Increase  in  pilot  lead  due  to  motion 
information  for  the  second  plant. 

Figure  (9)  Illustrates  an  Interesting  effect  due  to  the  statistics  of 
the  answers  obtained  from  the  Identification  algorithm.  In  order  to  deter- 
mine variance  in  the  estimates  of  the  paraaieters  obtained  here,  it  was 
decided  to  characterize  the  answers  obtained  here  in  terms  of  the  natural 
frequencies  (poles  and  zeros)  and  the  d.c.  gain.  These  parameters  completely 
characterize  the  free  and  forced  response  solution  of  any  differential  equa- 
tion and  hence  are  an  accurate  representation  of  the  time  series.  A mean  and 
variance  of  these  quantities  was  obtained  and  their  values  are  displayed  in 
Table  II: 

TABLE  II 


It  is  noted  that  as  the  plant  becomes  more  difficult  to  control  (and  motion 
aids  in  tracking) , the  variance  in  the  identified  parameters  generally 
Increased.  This  was  due  to  an  increase  in  remnant  generated  by  the  human. 

It  was  also  noted  that  more  remnant  occurred  for  motion  tracking  compared  to  . 
static  tracking.  When  comparing  plants  in  order  of  their  difficulty  to  track, 
the  more  difficult  the  plant,  the  more  remnant  signal  appeared.  The  method 
of  estimating  remnant  was  a ratio  of  linear  power  accounted  for  by  the  model 
to  the  total  output  power. 

Figure  (9)  illustrates  the  Bode  plot  obtained  by  one  standard  deviation 
in  parameters  plotted  in  a worst  case  manner.  The  highest  plot  had  the 
largest  d.c.  gain,  closest  zero  and  furthest  poles.  The  lowest  worst  case 
plot  is  also  Illustrated.  It  is  Interesting  that  the  minimum  variation 
occurs  near  crossover. 

Figures  (7,8,9)  show  agreement  with  the  results  of  Shlrly  and  Young  [8] 
in  their  extensive  study  of  systems  In  vhlch  motion  cues  may  help  performance. 
It  is  now  of  Interest  to  consider  a simple  model  to  relate  parameters  ob- 
tained from  the  identification  algorithm  to  performance  In  tracking. 

AN  a MODEL  TO  RELATE  PARAMETERS  TO  PERFORMANCE  IN  TRACKING 

With  reference  to  Figure  (11) , a possible  model  to  relate  performance  to 
parameters  is  displayed,  a is  chosen  as  the  frequency  at  which  the  man- 
machine  gain  characteristics  are  down  by  a factor  of  from  the  (low  fre- 

quencies) d.c.  value.  Although  the  characteristics  of  this  model  appear 
analogous  to  the  crossover  model,  certain  distinct  differences  of  this  per- 
formance model  are  apparent: 

(1)  a is  independent  of  system  order,  system  stability,  and  may  have 
some  use  for  non-linear  or  nonstationary  systems. 

(2)  a is  a value  of  frequency  where  the  man-machine  charac<'erlstlcs 
start  to  deteriorate  (1/2  power  point) . 

(3)  The  slope  of  the  man-machine  system  need  not  be  20  db/decade  to 
analyze  data  and  to  compare  performance. 

(4)  The  crossover  model  and  extended  crossover  models  can  all  be  con- 
sidered a models  under  the  stationary,  Gaussian,  linearly  assumptions. 

It  is  of  interest  to  now  relate  ^RMS  and  req  to  parameters  obtained  from  the 
tracking  problem. 

A DEPENDENCE  BETWEEN  PERFORMANCE  PARAMETERS  AND  IDENTIFIED  PARAMETERS 

With  reference  to  Appendices  (A^B)  the  following  two  approximations  are 
derived: 


«RMS  - K'  o/a 


(4a) 
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^eq  • K"  c/a  (4b) 

Equation  (4a)  closely  resembles  the  1/3  power  lav  of  [1]  which  Is  derived 
under  the  crossover  model  considerations.  Since  sufficient  data  was  avail- 
able to  evaluate  this  model  In  terms  of  ^RMS  and  the  ratio  c/a,  values  of  K' 
were  computed  for  all  3 plants  and  forcing  functions.  Table  III  Illustrates 
the  ensembled  averaged  values  of  the  ^106  values  over  the  different  a and  a 
values  (using  K'  ■ ®®MS/(o/o)  ). 


TABLE  III 


Mode  of  Operation 

Forcing  Function  ■ 
0.25  radians 

Forcing  Function  > 
0.5  radians 

Plant  1,  Static  Mode 

K*  • 59.5 

K*  - 64.9 

Plant  1,  Motion  Mode 

K'  - 65.7 

K*  - 68.65 

Plant  2,  Static  Mode 

K'  - 137.0 

K'  - 121.0 

Plant  2,  Motion  Mode 

K'  - 98.5 

V - 93.5 

Plant  3,  Static  Mode 

K*  - 505. 

K'  - 290. 

Plant  3,  Motion  Mode 

K*  - 715. 

K'  - 519. 

Figures  (12,13)  display  plots  of  ^BMS  versus  c/a  for  the  three  plants  used  In 
the  analysis  here.  It  Is  noted  that  as  the  remr^ant  power  Increases  (motion 
tracking  versus  static  tracking  and  as  the  pl2>nts  become  more  difficult) , the 
linear  prediction  rules  become  less  accurece.  This  result  Is  due  to  the 
linear  model  not  accurately  representing  the  Input-output  characteristics  un- 
de.. nigh  noise  levels.  It  Is  fforthwhile  to  now  compare  the  ability  of  this 
model  to  predict  performance  to  the  crossover  model. 

A COMPARISON  OF  THE  a MOKL  TO  THE  CROSSOVER  MODEL 
IN  TERtS  OF  PERFORMANCE  PREDICTABILITY 

In  Appendix  A It  Is  shown  that  the  relationship  oi  ^RMS  specified  by 
equation  (4a)  depends  on  the  ^proximatlon: 

o req  « 1 (5) 

For  the  corresponding  derivation  In  the  crossover  model,  the  1/3  po"er  law 
utilizes  the  approximation: 

“c  leq  « 1 (6) 

where  ‘^c  corresponds  to  the  crossover  frequency. 

A comparison  of  the  prediction  law  of  equation  (4a)  with  the  1/3  power  law  Is 
mainly  dependent  on  the  constant  linear  relationship  between  ®RMS  and  the 
ratio  o/a.  These  linear  relationships,  however,  are  a consequence  of  the 
approximations  equations  (5)  and  (6) . If  we  were  to  com’'are  the  approxima- 
tions (5)  and  (6),  the  following  result  Is  of  most  Interest: 


a<«c 


(7) 
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this  follows  since  a is  the  frequency  of  the  man-machine  transfer  function 
when  Its  phase  angle  is  -45*;  *^c,  however,  is  the  frequency  of  the  man- 
machine  transfer  function  when  its  phase  angle  Is  -90*.  Since  the  total 
transfer  function  Is  generally  monotonlc  decreasing,  It  follows  that: 

o teq  <u)c  Teq  « 1 (8) 

Is  always  satisfied  and  thus  the  approximation  of  ^BMS  specified  by  equation 
(4a)  Is  at  least  as  accurate  as  the  crossover  model. 

One  can  observe  that  If  a Is  defined  as  a smaller  and  smaller  frequency, 
the  prediction  rule  should  be  more  accurate  based  on  the  approximation  of 
equation  (8).  The  difficulty  In  this  case,  however.  Is  In  the  resolution 
problem  or  the  ability  to  measure  a accurately  becomes  more  and  more  diffi- 
cult. The  definition  of  a chosen  here  (a  half  power  point)  Is  a compromise 
between  the  crossover  frequency  and  a value  which  Is  too  small  to  be  measured 
accurately  (due  to  a resolution  problem) . 

OONaUDIMG  REMARKS 

The  use  of  modem  Identification  methods  can  be  combined  with  a simple 
low  pass  filter  model  to  predict  mean  sqviare  tracking  error.  The  performance 
model  presented  here  has  some  application  where  direct  use  of  the  crossover 
model  Is  not  applicable. 
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APPENDIX  A 


To  derive  an  explicit  dependence  between  ^RMS  (error  scores)  and  the 
parameters  describing  the  man-niachlne  Interaction,  some  ig>proxlmatlons  are 
made.  First  It  Is  assumed  that  the  Forcing  Function  Is  of  a low  pass  nature 
with  magnitude  Ki  extending  from  0.0  to  a o radians.  If  the  man-machine 
transfer  function  Is  described  by  the  low  pass  filter  model,  then  the  follo%r- 
Ing  first  order  approximation  Is  valid  (Figure  14) : 


IHf 


% 


1 + s/b 


•. » t 


•9 


(A.l) 


where  o Is  the  same  parameter  as  In  the  low  pass  filter  model  (corresponding 
to  a -3  db  reduction  In  magnitude  of  the  transfer  function  G(»)H(s)  from  th<> 
d.c.  or  low  frequency  values).  It  Is  noted  that  the  delay  term  e~'^eq  ^ Is 
Included  In  the  analysis  since  the  calculation  of  ^RMS  requires  the  exact 
time  relationships  of  the  variables  x(t)  and  e(t).  The  magnitude  plots  were 
sufficient  for  the  previous  analysis  but  now  the  phase  relationship  between 
x(t)  and  e(t)  must  be  known  to  accurately  compute  ^RMS.  Using  the  stationary, 
Gaussian  assumptions,  ^RMS  can  be  obtained  from  the  autocorrelation  function, 
defined  as  follows  [9]: 


Ree(T)  ■ E {e(t)o(t  + r)} 


(A.  2) 
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where  E{  * } denotes  the  expectation  operation.  Therefore,  ^ RMS  can  be 
obtained  from  Ree(^)*  evaluate  ReeCO) , the  Fourier  transform  of  the 
energy  spectrum  la  used.  The  transfer  function  between  e(t)  and  f(t)  la 
first  derived. 


Msl 

F(s) 


1 < » / n 

1 + B/a  + c-i'  '1^ 


(A.  3) 


Therefore  under  the  approximation  of  equation  (A.l),  the  following  Integral 
expression  for  ^^RMS  follows  from  the  Fourier  transform: 


0 Ki 

por 

2v 

j(o  + a + 

0 

(A.  4) 


The  Integral  term  of  equation  (A. 4)  can  be  written: 


®^RMS 


in 


/ 


2 

Id 


a+  acos(^u))  + j(u  - astnC^w)  ) 


u 


(A.  5); 


It  Is  desired  to  approximate  the  Integral  In  the  region  a/a  < 1 and  u '^eq  «1. 
Taking  Into  account  the  fact  that  u is  only  evaluated  In  the  region  from  0 to 
a radians,  the  integral  of  equation  (A. 5)  Is  approximated  by  the  following 
integral: 


2 a 


2 ua  sin  (tgqu)  + 4 u 


~7~  T ‘^<*1 


(A.6) 


replacing  sin(x)  by  x for  I^eq*^]  small  yields: 

a 

.‘'i.WH: ^ g r Tan-l  f jj»  /i.jat  1 

Power  in  Forcing  Function  (l-2oTgq)l/2  [_  L 2a  ' ***'  J J 

0 

(A.  7) 

Evaluating  the  Integration  limits  and  expanding  the  Inverse  tangent  function 
to  two  terms  [1],  [10]  yields: 
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RMS 


Power  In  I'urcJiig  Function  (A.0) 

For  constant  power  In  the  forcing  function,  ^BMS,  can  be  approximated  by: 


®RMS  X K' 


u 


(A.9) 


It  Is  noted  that  the  above  derivation  for  ^BMS  closely  parallels  the  deriva- 
tion of  the  1/3  power  law  obtained  In  [1]  and  [10]. 


APPENDIX  B 

Derivation  of  an  Effective  Delay 

With  reference  to  Figure  (14) , It  is  desired  to  obtain  an  expression 
for  effective  time  delay  Teq  as  a function  of  the  parameters  Identified  In 
the  closed  loop.  Since: 

•(t)  - l(t)  - x(t)  (1.1) 

One  possible  definition  of  effective  delay  would  be  the  effective-  time  lag 
in  the  system's  output  x(t)  to  a sudden  change  In  the  Input  f(t).  This  type 
of  definition  would  require  (at  least  approximately)  the  following  relation- 
ship to  hold  for  Incremental  changes  (or  rapid  Input  changes): 

X(s)  = F(s)  c-sTcq  (B.2)‘ 

If  (B.2)  Is  satisfied,  then  the  error  can  be  written  as: 

E(e)  -F(e)  [1  - (B.3): 

For  small  values  of  effective  delay,  the  error  signal  Is  essentially  zero; 
for  large  values  of  effective  delay,  the  error  signal  becomes  equal  to  the 
forcing  function.  This  type  of  definition  of  effective  delay  has  physical 
meaning  In  the  description  of  man-machine  periormance.  First,  the  real  power 
In  the  error  [^Bms]  will  be  evaluated  using  complex  conjugate  notation: 


Real  power  in  error  - 1/2  E(J(d)  E*(Jw) 

w - • ♦ * 

(B.4) 

- 1/2  F(J  )F(-j  ) [2  -e-J<"tcq  ju^cq] 

(B.5) 

Therefore  (to  first  order) : 

^RMS  ^ FF2(j(ij)  (1  - Cos  w xeq] 

(B.6) 

Tims  1 - Cos  w Toq  ;;; 

Vf2(j“)“ 

(B.7) 

But 
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q2rms 

p2  (Jy)  K®^/u2  From  Appendix  (A) 
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Cos  w teq  ^ 1 - K'  <r2/o2 


(Q.8) 
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It  then  follows  that: 


Expanding  Cos  (X)  to  two  terms  yields: 

req  ^ K"  o/a  (B-9) 

yhere  K"  accounts  for  a mean  value  of  u In  the  frequencies  of  Interest  in  the 
analysis.  The  relationship  equation  (B.9)  llltwtrttes  the  dependence  between 
Teq  and  the  parameters  of  interest.  The  physical  interpretation  of  equation 
(B.9)  is  that  for  man-machine  systems  with  large  a values » the  effective 
delay  is  small.  This  is  consistent  with  larger  crossover  frequencie«  and 
better  performance.  Also,  if  the  forcing  function  bandwidth  o is  in  .reased, 
the  effective  delay  will  also  increase.  This  result  is  consistent  with  a 
larger  ®BMS  score  and  poorer  performance. 
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A STUDY  OF  PILOT  BEHAVIOR  DURING  CONTROLLING  THE 
LATERAL  DIRECTIONAL  MOTION  OF  AIRPLANES  IN  TURBULENT  AIR 

By  Goro  Beppu 

National  Aerospace  Laboratory  in  Japan 
SUMMARY 

The  i^ilot  behaviors  controlling  the  lateral  directional  nriotion  of  air- 
planes in  *urbulent  air  have  been  investigated  by  using  the  pilot  transfer 
function  which  has  been  obtained  by  the  analysis  of  flight  test  data.  The 
pilot  uses  the  gains  for  the  aileron  manipulation  proportionu-lly  to  b^nk 
angle  so  as  to  minimize  r*m.s.  of  bank  angle.  The  pilot  rudder  manipula- 
tions  are  dor.e  proportionally  rolling  velocity,  yawing  velocity,  and  yaw 
angle.  Namely,  the  pilo^  carr  ht  cross  control  for  the  rudder. 

INTRODUCTION 

Aircraft  controllability  studies  are  frequently  based  upon  the  opinion 
of  the  pilots  of  simulator  tests  or  flight  test's,  and  relating  this  c*^inion  and 
the  dynamic  characteristics  of  the  airplane.  In  addition  to  this  metnod,  we 
have  an  analysis  in  which  the  pilot  behavior  is  expressed  in  the  transfer 
function  form.  The  pilot's  transfer  function  is  then  used  to  determine  the 
closed  loop  motions  of  the  airplane  with  lespect  to  stability  and  to  gust  re- 
sponse. It  is  considered  that  this  analysis  is  of  use  in  making  r more 
thorough  examination  into  the  reasons  for  cont  rol  problems.  Thus  far, 
this  analysis  has  been  used  by  several  persons  ^nd  its  suitability  has  been 
proven.  However,  there  is  a problem  in  the  use  rf  analysis  for  air- 
plane design  because  it  is  necessary  to  accurately  repr^ftt  iit  the  compli- 
cated pilot  behavior  in  the  transfer  function  formula.  After  ^his  problerr 
is  solved,  th^  control  problems  in  turbilent  air  are  investigated  fo*  an  air- 
plare  having  large  coupling  between  lateral  and  directional  motions. 

At  first,  the  controllability  limits  oi  various  roll -yaw  couplingr  have 
been  investigated  in  flig^t  tests.  Next,  the  pilot  transfer  functions,  which 
describe  the  pilot  behavior,  have  been  found  by  analyzing  the  flight  test 
data.  Then,  using  this  pilot  transfer  function,  the  gust  responses  of  the 
airplane  equation  of  motion,  including  pilot  control,  have  been  calculated 
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and  r.m.s.  of  bank  angie,  yawing  velocity,  amount  of  aileron  control  and 
rudder  control  have  been  obtained.  By  calculating  these  r.  m.  s.  for  the 
case  when  the  pilot  ga*  , are  altered,  it  is  examined  why  the  pilot  uses 
those  gains  that  we  have  obtained  by  the  analysis  of  the  fliglit  test  data. 
Furthermore,  the  reasons  foi  control  problems  are  considered. 


SYMBOLS 
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G 

CO 


I 

X 


J 

z 


K 

P 

K 


K 


m 


N 


a 


P 

r 


gain  f h^'  rudder  manipulation  proportional  to  p 

'Tain  for  the  aileron  manipulation  proportional  to  r 

gain  tor  the  rudder  manipulation  proportion  .1  to  uank  angle 

gain  for  the  aileron  manipulation  proportional  to  yaw  angle 

moment  of  inertia  about  X axis 

moment  of  inertia  about  Z axis 

gain  for  the  aileron  man*^*ulation  proportional  to  p 

gain  for  the  i udder  manipulation  proportional  to  r 

gain  for  the  aileron  manipulation  proportional  to  bank  angle 

gain  for  the  rudder  manipulation  proportional  to  yaw  angle 

rolling  moment 

(rolling  moment  vluu  to  gust)/  I 

remnant  of  pilot  control  or  mass  of  airplane 

vawing  moment 

(yaw  ng  moment  due  to  gust)/  I 
noise 

i oiling  velocity 
yawing  velocit  y 
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CO 
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ou 


Laplace  operator 
side  force 

pilot  reaction  time  delay  of  aileron  control 
pilot  reaction  time  delay  of  rudder  control 
sideslip 

(side  gust  velocity)/  (velocity  of  airplane) 
aileron  deflection  angle 
rudder  deflection  angle 

damping  ratio  of  the  quadratic  of  the  numerator  of  p/ 6 

A 

damping  ratio  of  the  Dutch  roll  mode  of  p/  6^ 
bank  angle 
yaw  angle 
angular  frequency 

angular  frequency  of  the  quadratic  the  numerator  of  p/  6^ 

< 

angular  frequency  of  the  Dutch  roll  mode  of  p/ 6 


Stability  Derivatives 

-{>Y/hP)/m 

Y =('^Y/V5)/m 

N =(^N/Sp)/I 
P z 

N (-N/Sr)/I 
r kj 

N..  --(?N/^/3)/I 

P z 

N-  = ('-‘N/  ^6  )/  I 
0 a a z 

N.  (^N/S6  )/I 
Or  r z 
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N . = N.  / L. 

6a  6a  5a 

L -(cL/'-p)/I 
P 

L -(''L/?r)/I 
r X 

L,  = (5L/56  )/I 
6a  ax 

Power  Spectrum  or  Cross  Spectrum 


9 


np 


♦ 


nr 


9 


no  a 


n5  r 


cross  spectrum  between  n and  p 
cross  spectrum  between  n and  r 
cross  spectrum  between  n and  6 

c 

cross  spectrum  between  n and  6 


9 


power  spectrum  of  gust 

GG 

Root  Mean  Square  (r.  m.  s. ) 

Q r.  m.  s.  of  r 

r 

Q r . m . s , of  ::ci 


6a 


r.  m,  s.  of  6 


r . m.  s,  of  6 


THE  AIRPLANE  CONFIGURATION  INVESTIGATED 


The  small  perturbation  equations  of  lateral  and  directi  * al  motion  are 
written  as  follows: 


(s  - Y.,)/3  + r Y cr  - 0 
P ‘0 

+ (s  - N )r  - N sr.'  - N,  6 + N.  ^ 

p r p 5r  r 5a  a 

- L r + s(s  - L )•  - L,  5 
p r p oa  a 


(1) 

(2) 

(3) 


628 


I 


I 


The  transfer  function  of  rolling  velocity  response  to  an  aileron  input  is: 


L.  s(s®  t 2C  w s + (V  ^ ) 
p ca CD  cp 2 

*a  (s  + X )(s  + X )(s®+  2C  ,u) , s + u) 
s K add 


(4) 


When  the  vector  aifferences  between  the  roots  of  the  quadratic  element  in 
the  numerator  and  those  of  the  quadratic  element  in  the  denominator  are 
large,  the  roll-yaw  coupling  becomes  significant,  and  the  aileron  manipula- 
tion excites  the  Dutch  roll  mode  to  a large  extent.  Therefore,  in  order  to 
realize  a large  roll-yaw  coupling,  the  configuration  of  the  airplane  has  been 
chosen  in  this  work  si'ch  that  the  roots  of  the  numerator  in  equation  (4)  are 
greatly  different  from  those  of  the  Dutch  roll  mode.  Namely,  we  chose  a 
configuration  whose  is  large  positively  or  negatively.  For  such  a con- 
figuration, the  relative  positions  of  the  roots  of  the  numerator  and  those  of 
the  Dutch  roll  mode  are  shown  in  Figure  1.  The  response  to  an  aileron  step 
input  is  shown  in  Figure  2,  In  Figure  1,  we  can  see  that  the  roll  response 
is  oscillatory  for  the  case  of  =-0.2,  for  which  the  distance  between  the 
numerator  roots  and  those  of  the  Dutch  roll  mode  roots  is  large  as  shown  in 
Figure  1 . 


EXPERIMENTS  AND  RESULTS 


Flight  tests  were-  ca^r>,d  out  in  simulated  turbulent  air  conditions, 
using  a variable  stabr.ity  ii*  plane  (Beerhcraft  D6'>).  The  pilot  v/as  required 
to  maintain  the  airplane  in  a steady  level  flight  condition  in  simulated  turbu- 
lent air.  The  tests  were  done  at  the  altitude  of  6000  ft  and  at  the  speed  of 
11*^  mph  with  the  test  run  length  of  two  minutes.  During  the  tests,  /3  , r,  p, 
^a»  ® r»  amount  of  turbulence  were  measured.  An  example  of  the 

measurements  is  shown  in  Figure  3. 

The  turbulent  air  conditions  were  simulated  as  follows:  The  airplane 

was  disturbed  by  the  movements  of  aileron  and  rudder  actuated  by  servo 
motors  proportionally  to  the  noise  signals  recorded  in  a tape  recorder.  An 
example  of  the  power  spectral  density  of  the  noise  is  shown  in  Figure  4. 

R.m,  s.  of  the  noise  was  0.  9^  when  converted  to  the  aileron  deflection  angle. 
The  deflection  of  the  rudder  due  to  the  noise  signals  was  proportional  to  the 
aileron  deflection  because  only  the  side  gust  was  considered.  The  ratio  oj 
the  rolling  moment  to  the  yawing  moment  due  to  the  noise  signal  was  as  fol- 
lows: 


(5) 
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The  sign  of  Lq  is  opposite  to  that  of  Nq  because  when  the  airplane  is  upset 
by  the  side  gust  producing  a positive  rolling  momeat.  the  airplane  has  nt-ga- 
tive  yawing  moment.  The  ratio  in  equation  (5)  is  not  equal  tt>  the  ra  • 
to  . Because  if  equal,  the  pilot  complains  that  the  yawing  motio  . .s  too 
large  if  compared  with  the  rolling  motion,  and  he  will  not  feel  such  turb«i- 
lence  as  a real  gust.  The  reason  for  the  valu^*  of  Nq  being  small,  is  tl*at  we 
neglect  the  effect  of  the  difference  of  gust  velocity  along  the  body.  The  ratio 
in  equation  (5)  is  determined  by  the  pilot*s  opinion. 

The  results  of  the  experiment  are  as  follows:  When  was  changed 
in  sign  to  have  positive  value,  = +0.2  was  the  controllability  limit,  and 

the  pilot  commented  that  the  yawing  motion  was  large.  When  was  nega- 
tive, = -0.2  was  the  controllability  limit.  According  to  the  pilot*s 

comments,  his  control  response  was  as  follows:  When  the  airplane  is  upset 
by  the  side  gust  from  the  left,  a positive  roiling  motion  ensues.  Then  the 
pilot  manipulates  the  aileron  control  wheel  to  alleviate  this  rolling  motion 
and  at  the  same  time  he  deflects  the  right  pedal,  expecting  the  yawing  mo- 
tion due  to  the  gust.  But  the  aileron  control  generates  positive  yawing  mo- 
ment due  to  Njg.  Therefore,  it  follows  that  the  first  deflection  of  the  pedal 
becomes  too  large  and  a positive  yawing  motion  results.  The  pilot  must  add 
left  pedal  immediately  after  adding  right  pedal.  So  the  pedal  manipulation 
is  troublesome  in  this  case. 

In  Figure  1 the  preceding  controllability  limits  are  described.  In  the 
same  figure,  the  limit  line  which  is  defined  in  MIL  F 8785B  is  als  > de- 
picted. The  differences  between  these  experimental  results  and  that  of 
MIL  F 8785B  are  noticeable.  The  reasons  are  now  considered.  MIL  F 
8785B  is  defined  for  the  pilot  who  does  not  use  the  rudder  to  alleviate  the 
yawing  motion  due  to  the  gust.  But  our  pilot  used  the  rudder  effectively  to 
alleviate  the  yawing  motion.  As  a result,  the  controllability  limits  of  this 
experiment  become  wider  than  that  of  MIL  F 8785B,  except  the  case  of 
positive  Ng^.  The  positive  Ngg  case  has  a control  difficult y which  cannot  be  an 
attribute  of  the  distance  between  the  roots  of  the  numerator  quadratic  term 
and  those  of  the  Dutch  roll  mode  in  equation  (4). 


PILOT  DESCRIBING  FUNCTIONS  OBTAINED  FROM  FLIGHT  TEST  DATA 


First  of  all,  the  pilot  transfer  function  for  the  aileron  control  is  con- 
sidered. When  the  airplane  is  upset  by  some  disturbance,  the  pilot  who  gels 
some  motion  and  visual  cues,  manipulates  the  ailer  m to  alleviate  the  air- 
plane molicni  due  to  the  disturbance.  In  llie  frequency  range  0.  Of? -1.0  Hz, 
the  pilot  aitempts  to  make  the  bank  angk  displacement  as  small  as  possible. 
However,  U is  nut  clear  how  he  use^  motion  and/  or  visual  cues,  Si>,  the 
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following  method  is  used  in  this  work  in  order  to  determine  the  pilot  transfer 
function.  It  is  assumed  that  tlie  pilot  manipulates  the  aileron  proportionally 
to  the  bank  angle,  the  rolling  velocity,  the  yaw  angle,  the  yawing  velocity 
with  some  reaction  time  delay  And  the  pilot  also  manipulates  the  aileron 

by  the  amount  m(t)  which  has  no  correlation  with  the  external  disturbance 
n(t).  The  6^(t)  is  thus  written  as  follows: 

6 (t)  ^ -K  -p(t  - T ) - K -cc(t  - r ) -G.-0(t  - r ) - G -r(t  - T )+m(t)  (6) 

a p ac0  a^  ar  a 

where  K , K , Gi  , and  G are  constants.  Calculating  the  cross  correla- 

p CO  r ® 

tions  of  the  disturbance  n(t)  with  6^(t),  '^'^(t),  p(t),  0{t),  r(t),  and  m(t),  the 

cross  spectrum  can  be  obtained  as  follows: 


-j  T u; 

= +K/juj)*  (ju))  - (G  +G./j0))*  (juu)ie  (7) 

no  a p ^ np  r ^ nr 

where  because  m(t)  has  no  correlation  with  n(t).  Using  the 

measured  quantities  n,  p,  and  r;  ♦n6a(j'J^).  ^npU*").  ^n  r(juj)  are  cal- 

culated. Then  the  constants  Kp,  K(^,  G^,  Gj.,  and  are  determined  by  a 
matching  technique  such  that  equation  (7)  is  satisfied  for  several  U)  values. 
The  degree  of  accuracy  of  the  final  matching  between  ^n6aUi*^)  fbe  right 
hand  side  of  equation  (7)  is  as  shown  in  Figure  5.  Kp,  Kj.,  G^,  Gy,  and  T^, 
which  are  obtained  by  the  above  method,  are  shown  in  Table  1.  In  Table  1 
it  is  seen  that  G0  and  Gj.  are  small.  Thus  it  is  concluded  that  6a(®)  be 
written  as  follows: 


-T  s 

ft  (s)  = -(K  s + K )e  ^ T (8) 

a p 

For  the  rudder,  the  same  method  of  calculation  is  used  and  the  follow- 
ing equation  is  obtained. 

-j  T 0/ 


Using  the  same  matching  technique  as  for  the  aileron  control  caje,  Gp,  G.., 


Kf,  , and  are  determined, 
written  as  follows: 


In  this  case,  G.  is  small. 


. p’ 

0 r(s)  can  be 


•y(s)  = 'Gp  se 


-T  s -T  s 

^ - (K  + K./  s)e  r 

r V) 


(10) 
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In  this  case,  the  term  Gp  has  a peculiar  feature.  The  reason  fur  having  the 
term  Gp  is  as  follows:  When  the  airplane  is  upset  by  a side  gust,  the  air- 
plane begins  a rolling  motion  at  first  and  after  some  time  delay  the  yawing 
motion  develops,  because  of  the  larger  moment  of  inertia  about  the  yaw  axis 
than  that  about  the  roll  axis*  Therefore,  the  pilot  expects  a yaw  motion 
when  the  airplane  begins  a rolling  motion  due  to  the  side  gust,  and  he  uses 
the  rudder  in  order  to  suppress  the  yaw  motion  which  follows  the  roll  re- 
sponse* This  behavior  is  represented  by  the  term  Gp.  In  this  case,  the 
degree  of  accuracy  of  the  final  matching  is  as  shown  in  Figure  6.  The  con- 
stants Gp,  G^,  Kj.,  K0,  and  Tj.  are  shown  in  Table  1. 

EFFECTS  OF  THE  PILOT  GAIN  ON  THE  WORKLOAD 
AND  PERFORMANCE  INDEX 


Using  the  pilot  transfer  function  (8)  and  (10),  the  equations  of  airplane 
lateral  and  directional  motion  in  turbulent  air,  including  the  pilot  control, 
are  written  as  follows: 


(s  - 

(11) 

/3  + (s  - N )r  - N scD  = N.  5 + N.  6 - 

r p O’-  r 6a  a G 

(12) 

j3-Lr-‘-s(s-L)c2  = L-6  + L_ 

r p 6a  a G 

-r  s 

(13) 

6 = 
a 

-(K  s + K )e  ^ o 
P cp 

-T  S -T  s 

(14) 

6 = 
r 

-G  se  ^cp-(K  +K,/s/e  ^ r 

P ' r ' 

(15) 

where  Nq  and  Lq  are  the  yewing  and  rolling  moment  due  to  the  turbulent  air. 

Using  the  time  series  of  noise  (which  weie  used  in  flight  tests)  as  the 
input  of  the  above  equations,  the  above  equations  of  motion  have  been  solved 
by  means  of  digital  computer.  The  time  series  of  the  gust  response  r,  v, 

6^  and  6j.  are  obtained.  By  integrating  these  time  series  and  extracting  the 
square  root  of  the  integrated  values,  r.  m.  s.  <7j.,  (7-..,  and  OTjj.  of  r, 

6^,  and  6j.  are  obtained.  Applying  this  method  of  v alculation  the  following 
analysis  has  been  carried  out. 

As  changes,  it  is  first  examined  how  and  change^  As  Kj. 
changes,  it  is  next  examined  how  and  change. 
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(1)  K..  change:  Curves  oi  0^.  and  versus  are  shown  in  Figure  7. 
For  all  cases,  as  increases,  (^5^  increases;  however,  0.^  decreases  for 

a small  range  to  reach  a minimum  value  but  increases  for  a large 
range.  When  is  small,  the  root  of  the  spiral  mode  is  small.  Due  to  the 
smallness  of  the  spiral  mode  root,  ti  e gain  of  the  bank  angle  response  to  the 
gust  is  large  in  the  low  frequency  range.  As  Kr^  becomes  larger,  the  gain  of 
the  bank  angle  becomes  smaller.  When  is  large,  the  stability  of  the  sys- 
tem deteriorates  due  to  pilot  reaction  time  delay  and  the  gain  of  the  bank 
angle  is  large  at  large  K^.  These  are  seen  in  Figure  8,  which  is  the  linear 
scale  Bode  diagram.  For  all  cases,  we  have  the  nearly  smallest  at  the 
gains  which  are  obtained  from  the  analysis  of  the  flight  test  data.  It  is  con- 
sidered that  the  pilot  controls  the  system,  adjusting  so  as  to  minimize 
Namely,  we  have  obtained  large  for  = -0.2  and  small  for 

N-6a=+0.2. 

(2)  Kj.  change:  Curves  of  CTj.  and  versus  are  shown  in  Figure  9. 

When  Kj.  increases,  continues  to  decrease  until  Kj-=  +1.2.  So  for  the 
original  case,  the  pilot  chooses  such  gain  Kr  that  becomes  smaller  than 
some  value.  For  ihe  cases  = +0.2  and  “ -0.2,  CTj.  is  larger  than 

the  original  case,  due  to  the  fact  that  the  aileron  control  causes  the  yawing 
moment  for  these  cases.  For  the  case  = +0.2,  the  pilot  chooses  a 

large  gain  Kj.  than  the  original  case  to  make  (Tj.  as  small  as  ^be  origi- 

nal case,  and  this  causes  the  control  difficulties  due  to  large  rudder  excur- 
sion. For  the  case  N -0.2,  the  pilot  cannot  make  (Tj.  as  small  as  0^ 

the  original  case  due  to  the  complicated  rudder  m:  nipulation  mentioned  pre- 
viously. Therefore,  the  control  difficulties  of  this  case  are  due  to  the  com- 
plicated rudder  manipulation. 


CONCLUSIONS 


The  pilot  behaviors  during  controlling  the  lateral  directional  airplane 
motion  having  large  adverse  or  proverse  yaw  in  turbulent  air  have  been  in- 
vestigated by  obtaining  the  pilot  transfer  function  through  the  analysis  of  the 
flight  test  data  and  analyzing  the  airplane  gust  response  including  pilot  con- 
trols. The  conclusions  of  this  investigation  are  as  follows. 

(1)  The  pilot  aileron  manipulations  are  performed  proportionally  to 
rolling  velocity  and  bank  angle  with  some  reaction  time  delay.  The  gains 
for  the  aileron  manipulation  proportionally  to  bank  angle  are  chosen  by  the 
pilot  so  as  to  minimize  r.  m.  s.  of  bank  angle. 

(2)  The  pilot  rudder  manipulations  are  done  proportionally  to  rolling 
velocity,  yawing  velocity,  and  yaw  angle  with  seme  reaction  timr'  delay. 

Namely,  as  shown  by  the  fact  that  the  rudder  manipulated  proportionally 
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to  rolling  velocity,  the  pilot  carries  out  the  cross  control  for  the  rudder. 

The  pilot  uses  such  yains  for  the  rudder  manipulation  pr' -portionally  t<j  yaw- 
ing velocity  that  r.  m.s.  of  yawing  velocity  becomes  smaller  than  som*‘  \alue 
instead  of  getting  the  minimum  value. 
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Table I. Pilot  Gain  Slime  Oefoy 


( i ) Aileron 
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(2)  Rudder 


6p 

Ky 

K|r 
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Contig. 

- 0.  0 
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0.2 
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A MULTILOOP  APPROACH  TO  MODELING 

MOTION  SENSOR  RESPONSES 

By  Andrew  M.  Junker, 

Daniel  W.  Repperger  and  *John  A.  Neff 

Aerospace  Medical  Research  Laboratory 
Wrlght-'Patterson  AFB,  Ohio  45A33 

*Alr  Force  Office  of  Scientific  Research 
Arlington,  Virginia  22209 


SUMMARY 


By  using  a ^east  squares  Identification  algorithm,  a multlloop  approach 
AS  taken  to  effectively  model  the  response  characteristics  of  the  motion 
sensors.  The  Inputs  to  the  model  Include  the  possible  sources  of  Information 
provided  to  the  human  via  his  motion  sensing  system.  One  Input  0K>del8  the 
response  of  the  angular  acceleration  sensors  (second  derivative  of  position) 
and  the  second  Input  models  the  response  of  the  linear  sensors  (sine  of 
position) . The  third  input  is  the  visual  display  error  provided  to  the  human 
in  the  closed  loop  tracking  experiment.  Data  from  a roll  axis  tracking 
simulation  was  analyzed.  The  major  source  of  pilot  lead  under  the  motion 
mode  of  operation  Is  discussed  for  control  of  plants  in  which  motion  informa- 
tion improved  performance  and  In  which  there  was  no  Improvement  in  perform- 
ance. 


INTRODUCTION 


Roll  axis  compensatory  tracking  with  and  without  the  presence  of  motion 
was  performed  by  three  groups  of  four  subjects  each.  Each  group  of  subjects 
tracked  with  a different  plant.  The  results  were  similar  to  those  reported 
by  other  researchers  [1,2,3],  namely  chat  as  more  lead  was  required  by  the 
human  operator  for  successful  control,  tracking  performance  was  improved  with 
the  presence  of  motion. 

Because  of  the  nature  of  the  task,  large  amplitude  roll  motion  was 
experienced  by  the  human  operator  during  tracking.  Thus  the  motion  that 
imqproved  performance  was  due  to  linear  and/or  angular  acceleration.  In  an 
effort  to  determine  what  effect  each  of  these  components  of  acceleration  had 
on  the  human  operator,  a linear  triple  Input  single  output  model  of  the  human 
operator  was  formulated.  Then  from  the  roll  axis  tracking  data  for  three 
different  plants,  a least  squares  Identification  algorithm  was  used  to  find 
parameter  values  for  the  hypothesized  model  that  would  give  the  best  linear 
fit  to  the  input  output  data.  It  was  hoped  that  Che  parameter  values  would 
give  some  insight  into  how  man  makes  use  of  the  motion  information  available 
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to  him.  The  results  of  this  work  are  presented  in  this  paper. 


METHOD 


A Experimental  Setup 

A closed  loop  roll  axis  motion  simulator,  capable  of  complete  360  degree 
roll,  consisting  of  a drive  system,  seat,  visual  display  and  force  stick 
control  was  used  to  generate  human  tracking  data.  The  control  task  was  to 
follow  another  aircraft  in  the  roll  axis.  The  aircraft  to  be  followed  was 
represented  by  a zero  mean  band  limited  Gaussian  noise  signal;  one  standard 
deviation  was  equivalent  to  a 120  degree  roll  angle.  TWo  forcing  function 
bandwldths  were  used,  0.25  and  0.5  radians  per  second.  For  the  data  use::*  in 
this  paper  only  the  0.5  radian/second  input  was  considered. 

The  difference  between  the  operator's  position  and  the  forcing  function 
roll  angle  was  presented  to  the  human  operator  on  an  inside-out  visual 
display.  The  human  operator  was  told  to  minimize  the  error  signal.  With  a 
zero  error,  the  operator's  position  would  exactly  follow  the  input  forcing 
function. 

A side  mounted  force  stick  was  used  for  the  operator's  output.  A 
comfortable  stick  gain  was  selected  and  maintained  throughout  the  entire 
experiment.  The  simulator  could  bn  operated  in  two  modes;  motion  and  static. 
In  the  motion  mode  the  inputs  to  the  human  operator  were  simulator  motion  and 
visual  display.  For  the  static  mode,  the  force  stick  output  drove  simulated 
plant  dynamics.  Thus,  in  the  static  mode,  the  human  operator  was  deprived  of 
motion  Information.  In  this  way  it  was  possible  to  Isolate  the  effects  of 
motion  on  tracking. 

Three  different  plants  were  used  for  tracking.  The  plant  transfer 
functions  are  listed  in  Table  1 . The  results  In  terms  of  root  mean  squared 
(RMS)  error  scores  are  presented  In  Table  2 and  discussed  In  more  detail  in 
[4].  The  resulting  man-machine  transfer  functions  are  discussed  in  [5].  The 
Important  results  are  that  for  plant  numbers  2 and  3 motion  helped  by  giving 
the  human  operator  the  information  needed  to  generate  additional  lead  for 
improved  system  control. 

For  each  of  the  three  plants,  three  sets  of  four  subjects  each  were  used 
They  performed  tracking  runs  until  Improvements  In  RMS  error  scores  nc  longer 
occurred.  At  that  point,  time  history  data  of  upto  ten  tracking  runs  per 
subject  was  collected.  Each  tracking  run  for  each  subject  lasted  120  seconds 
The  time  history  data  was  collected  for  subsequent  system  identification. 

B.  Hypothesized  Model 

For  the  tracking  tasks  considered,  large  amplitude  mu’:lon  made  up  of 
angular  and  linear  acceleration  components  was  experienced  by  the  human 
operator.  To  account  for  these  Inputs,  a linear  triple  input,  single  output 
model  of  the  human  operator  was  hypot  eslzed.  The  form  of  this  model 
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incorporated  into  the  closed  loop  tracking  task  Is  shown  In  Figure  1.  The 
three  Inputs  are:  displayed  error  (visual  Input),  linear  acceleration  or 
lateral  acceleration,  and  angular  acceleration.  The  linear  or  lateral 
acceleration  Is  defined  as  the  force  of  gravity,  which  we  nonnallzed  to  one, 
times  the  sine  of  the  simulator  or  plant  angular  position.  The  angular 
acceleration  Is  slsqply  the  second  derivative  of  the  plant  angular  position. 
The  output  of  the  human  operator  model  Is  the  control  stick  voltage. 


The  linear  model  was  defined  as  a second  order  system  with  different 
gains  and  zeros  associated  with  each  of  the  three  Inputs.  This  is  expressed, 
in  Laplace  notation,  in  the  following  equation  (1) . 


y(s)  *•  c(s+d)  u(s)  + e(s+f)  v(s)  + g(s4-h)  w(s) 
(s+a) (s+b)  (s+a)(s+b)  (s+a) (s+b) 


Hl(s) 


H?(s) 


H3<8) 


Where:  y(t)  • stick  voltage 

u(t)  • displayed  error 

v(t)  « Jlnear  acceleration  sin  6p 

w(t)  ■ angular  acceleration  6p 


(1) 


and  U]^(s),  U2(s)  and  H3(s)  correspond  to  the  transfer  functions  shown 
In  Figure  1. 


C.  Parameter  I dent If icat ion 


The  three  ~^^put  single  output  system  is  rewritten  In  state  variable 
notation  in  equations  2 and  3. 


f il' 

- 

1 

0 

1 

*1 

+ 

m m 

C , e , g 

1 *2J 

i j 
Y 

/2. 

c(d-a-b)  , e(f-a-b)  , g(h-a-b) 
k r 

A 


*1 


(2) 

(3) 


By  using  a least  squares  identification  algorithm  as  discussed  in  [5],  the 
values  for  the  A and  B matrices  were  found  for  all  the  three  Input  single 
output  time  histories.  Fron  these  vrV'Cs  the  transfer  function  values  of 
equation  (1)  were  computed.  These  values  were  computed  for  each  subject, 
upto  ten  runs  per  subject  for  each  of  the  three  plants  controlled. 


BESULTS  AND  DISCUSSION 

For  each  of  the  three  plants  we  averaged  parameter  values  across  the 
four  subjects.  These  values  gave  us  average  transfer  functions  Hi,  Hi  and  H3 
for  each  plant.  As  we  went  from  plant  number  1 to  nuiri>ers  2 and  3 we 
measured  a marked  Improvement  In  tracking  performance  due  to  additional  lead 
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Inforoaclon  provided  by  the  human  operator.  Because  of  this  we  anticipated 
some  change  In  the  transfer  functions  between  the  three  plants  to  acco^mt  for 
the  additional  lead. 

The  first  transfer  function  considered  Is  H2^(s) , associated  with  the 
displayed  error  Input.  The  average  values  for  the  parameters  for  the  three 
plants  are  presented  In  Table  3.  Included  with  each  mean  value  is  the 
standard  deviation  for  that  value.  For  plant  number  1,  for  which  motion 
information  did  not  Improve  performance,  the  human  operator  model  is 
generating  lead  Information  from  the  display  for  control.  But  looking  the 
changes  In  gain  and  relative  pole-zero  placement  for  plants  2 and  3 as  com- 
pared with  plant  1,  we  see  that  the  model  Is  not  generating  any  more  Lead 
Information.  This  can  also  be  seen  In  the  magnitude  Bode  plot  of  the  three 
transfer  functions  presented  In  Figure  2.  From  these  results  we  conclude 
that  our  hypothesized  model  does  not  derive  additional  information  from  the 
displayed  error  for  plants  2 and  3 In  order  to  generate  more  lead. 

Considering  the  linear  or  lateral  acceleration  next,  the  average  values 
for  the  parameters  for  the  three  plants  for  transfer  function  H2(s)  are 
presented  along  with  standard  deviations  In  Table  4.  Keeping  in  mind  that 
motion  did  not  Improve  tracking  for  plant  number  1,  we  would  expect  a change 
In  the  gain  and/or  pole  zero  placement  that  would  Indicate  generation  of  lead 
information  when  going  to  plants  2 and  3.  Looking  at  the  parameter  values 
across  the  three  plants  we  see  that  the  gain  dropped  and  the  zero  moved 
further  out  relative  to  the  movement  of  pole  a.  The  net  effect  on  the 
transfer  function  H.2(s)  can  be  seen  in  the  magnitude  Bode  plot  of  Figure  3. 
Additional  lead  Information  Is  not  being  generated.  The  transfer  function 
has  a low  pass  filter  structure  which  is  cutting  off  sooner  for  plants  2 and 
3.  Thus  we  conclude  that  our  hypothesized  model  does  not  generate  additional 
lead  for  control  from  this  input. 

Finally  listed  In  Table  5 are  those  values  for  transfer  function  H3(s) 
with  angular  acceleration  as  the  Input.  Looking  across  plants  we  can  see  an 
increase  In  gain  and  a change  In  the  pole  zero  placement  such  that  for  plant  1 
the  transfer  function  Is  low  pass,  for  plant  2 flat  and  high  pass  for  plant  3. 
This  can  be  seen  in  the  magnitude  Bode  plot  of  Figure  4.  Therefore,  comparing 
plant  no.  1,  where  motion  did  not  help  tracking,  to  plants  2 and  3 where  It 
did,  the  results  suggest  that  the  transfer  function  has  been  altered  to  make 
better  use  of  the  angular  acceleration  information  for  plants  2 and  3. 


CONCLUSION 

By  comparing  the  three  transfer  functions  for  the  model  across  the  three 
plants  we  conclude  that  the  least  squares  Identification  algorithm  has 
selected  parameter  values  In  such  a way  as  to  make  greater  use  of  the  angular 
acceleration  Input  and  not  the  linear  acceleration  Input  for  control  of  the 
more  difficult  plants  2 and  3.  Thus,  for  our  hypothesized  model  we  conclude 
that  the  improvement  in  tracking  performance  In  the  motion  environment  is  due 
to  the  angular  acceleration  Input.  This  suggests  that  man  will  use  angular 
acceleration  as  the  primary  source  of  input  when  Lead  generation  beyond  that 
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which  can  be  obtained  from  a display  la  required  for  system  control  in  roll 
motion  tracking. 


REFERENCES 


1.  Shirley,  R.  S.  and  L.  R.  Young,  "Hotion  cues  in  man-vehicle  control", 

IEEE  Transactiors  on  Man  Machine  Systems,  Vol  MMS-9,  No.  4,  December 

1968. 

2.  Stapelford,  R.  L. , R.  A.  Peters  and  P.  R.  Alex,  "Experiments  and  a model 

for  pilot  dynamics  with  visual  and  motion  Inputs",  NASA  CR-1325,  Hay 

1969. 

3.  Young,  L.  R. , "Some  effects  of  motion  cues  on  manual  tracking", 

J.  Spacecraft  and  Rockets,  pp.  1300- L303,  October  1967. 

4.  Junker,  A.  M.  and  C.  R.  Replogle,  "Motion  effects  on  the  human  operator 

In  a roll  axis  tracking  task",  submitted  to  Aviation  Space  and 
Environmental  Medicine,  will  appear  in  June  or  July  1975  issue. 

5.  Repperger,  D.  W.  and  A.  M.  Junker,  "Performance  evaluation  of  tracking 

based  on  a low  pass  filter  model".  Paper  Number  2 In  section.  System 
Identification  of  these  proceedings.  Eleventh  Annual  Manual,  1975. 


649 


I 


TABLE  1 - Plant  Dynamics  Used 


Mode  of  Operation 


TABLE  2 - RMS  Error  Scores 


Forcing  Function 
0.25  radians 


«BMS  - 5.70 


eBMS  - 6.57 


- 26.867 


- 10.87 


- 79.43 


*BMS  - 27.01 


Forcing  Function 
■ 0.5  radians 

egMS 

- 12.45 

«RMS 

- 13.73 

®RMS 

- 46.99  1 

®RMS 

- 20.46 

■i 

• 90.30 

®RMS 

- 38.25 

TABLE  3 - Identified  Parameter  Values  for 


PARAMETER 


c (gain)  mean 

S . d . 


d (aero)  mean 
s.d. 


a (pole  1)  mean 
s.d. 


b (pole  2)  mean 
s.d. 


PLANT  NO.  1 


10.22 

2.21 


115.78 

6.29 


113.37 

5.22 


t 


! 


I 

i 
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TABLE  4 - Id^tlfled  Parameter  Values  for  H2 


PARAMETER 

PLANT  NO.  1 

PLANT  NO.  2 

PLANT  NO.  3 

e(galn)  mean 

6.08 

4.86 

5.61 

s.d. 

2.97 

1.93 

1.56 

f(zero)  mean 

15.59 

34.06 

33.53 

s.d. 

12.02 

28.65 

16.79 

a(pole  1)  mean 

10.22 

12.42 

15.38 

s.d. 

2.21 

4.35 

14.19 

b(pole  2)  mean 

115.78 

113.37 

112.28 

s.d. 

6.29 

5.22 

17.76 

TABLE  5 - Identified  Parameter  Values  for 


FARAMETEP 

PLANT  NO.  1 

PLANT  NO.  2 

■IHHIl 

g(galn)  mean 

.745 

1.209 

1.568  ! 

Sad* 

.56 

.83 

.83 

h(zero)  mean 

18.22 

12.24 

6.52 

8«  d« 

8.40 

5.28 

3.60 

aCpole  1)  mean 

10.22 

12.42 

15.38 

s.d. 

2.21 

4.35 

14.19 

b(pole  2)  mean 

115.78 

U3.37 

112.28 

s.d. 

6.29 

5.22 

17.76  1 
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EFFECTS  OF  CONTROL-STICK  PARAMETERS  ON  TRACKING 
PERFORMANCE  IN  A VIBRATION  ENVIRONMENT* 


William  H.  Levison 
Bolt  Beranek  and  Newman  Inc. 
Cambridge,  Massachusetts 
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ABSTRACT 


A set  of  manual  control  experiments  was  conducted  to  determine  the 
effects  of  control-stick  parameters  on  tracking  performance  In  a vibration 
environment.  Primary  experimental  variables  were  stick  design  parameters, 
stick  location,  and  presence  or  absence  of  vibration.  Stick  parameters 
had  little  effect  on  rms  tracking  error  under  vibration  conditions  for  the 
particular  aircraft  dynamics  that  were  used  in  this  study.  Considerable 
effect  on  control  activity  was  observed,  however,  vrhich  suggests  that  stick 
design  parameters  will  significantly  influence  overall  performance  in 
systems  that  respond  at  vibration  frequencies.  Stick  location  had  no 
significant  effect  on  either  tracking  or  blodynamic  performance  measures. 
The  vibration-correlated  component  of  tracking  error  was  relatively  small; 
vibration  effects  were  accounted  for  largely  by  changes  in  pilot  model 
parameters  related  to  visual  resolution,  time  delay,  and  motor-related 
remnant . 

A model-based  guide  for  the  design  of  control  sticks  in  a vibration 
environment  is  described.  This  model  is  based  on  the  state-variable  model 
for  pilot /vehicle  systems.  Effects  of  vibration  are  represented  as 
additional  model  elements  and  by  changes  in  pilot- related  parameters 
of  the  tracking  model. 


INTRODUCTION 


In  recent  years  aircraft  have  been  constructed  such  that  they  can 
perform  in  environments  that  severely  tax  or  exceed  the  limits  of  human 
tolerance.  Severe  vibration  is  one  such  environment. 

Whole-body  vibration  acts  in  a number  of  ways  to  cause  performance 
degradation  of  manned  vehicle  systems.  Vibration  is  transmitted  to  the 
seat  of  the  pilot  by  the  aircraft  and  propagates  through  the  pilot's  torso 
and  arm  to  the  control  stick  to  produce  control  Inputs  that  are  linearly 


*Thls  work  was  sponsored  by  the  Aerospace  Medical  Research  Laboratory, 
Wright-Patterson  Air  Force  Base,  under  Contr^.ct  No.  F33615-74-C-4041. 
Lt.  Philip  D.  Houck  was  the  Technical  Monitor  for  this  contract  and 
Project  Engineer  for  the  AMRL  experimental  program. 
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correlated  with  the  vibration  input.  Vibration  also  increases  the  stochastic 
portion  of  the  pilot's  control  activity  (l.e.,  "remnant")  due  partly  to 
visual  interference  effects  (e.g.,  blurring  due  to  relative  eye-display 
motion)  and,  to  a greater  extent,  to  motor  Interference  etfects  such  as 
noise  injected  into  proprioceptive  feedback  paths. 

< The  effects  of  vibration  on  control  performance  are  to  some  extent 

influenced  by  the  design  of  the  control  stick.  Accordingly,  the  Aerospace 
Medical  Research  Laboratory  recently  conducted  a series  of  manual  tracking 
experiments  to  determine  mathematically  the  relation  between  control-stick 
design  parameters  and  tracking  performance  in  a vibration  environment. 
Experimental  data  were  provided  to  Bolt  Beranek  and  Newman  Inc . , whose 
tasks  were  to  (1)  reduce  the  data  to  obtain  engineering  descriptions  of 
tracking  and  biomechanical  response  behavior,  (2)  develop  a nv.thematical 
model  to  account  for  the  interaction  between  stick  design  parameters, 
vibration,  and  tracking  performance,  and  (3)  develop  guidelines  for  the 
design  of  control  sticks  in  a vibration  environment. 

The  cbjective  of  this  paper  is  to  summarize  briefly  the  results  of 
this  study.  Extensive  documentation  of  this  effort  is  provided  in  [1]. 


EXPERIMENTAL  PROCEDURE 


A single-axis  compensatory  tracking  task  was  performed  using  a simple 
Integrator  as  the  controlled  element.  The  tracking  input  consisted  of  the 
sum  of  five  sinusoids  designed  to  approximate  a first-order  noise  process 
with  a break  frequency  of  2 rad/sec.  The  input  was  added  to  the  subject's 
control  response,  the  sum  of  these  signals  then  being  processed  by  the 
integrator  to  produce  the  tracking  error  displayed  on  a CRT.  Fore-aft 
movement  of  the  control  stick  produced  vertical  movement  of  the  error 
Indicator. 

Half  of  the  data  trials  were  performed  with  the  subject,  control,  and 
display  subjected  to  vertical  (i.e.,  z-axis)  vibration.  The  spectrum  of 
the  platform  vibration  consisted  of  the  sum  of  five  sinusoids  at  frequencies 
of  2,  3.3,  5,  7,  and  10  Hz.  The  sinusoids  had  random  phase  relationships 
and  equal  accelerations;  the  rms  platform  acceleration  was  approximately 
0.3g. 


Primary  variables  were  (1)  presence  or  absence  of  vibration,  (2)  stick 
location  (center  or  side),  and  (3)  control  stick  design.  Six  control  sticks 
were  used,  with  spring  gradients  ranging  from  2 Ib/ln  to  600  Ib/in.  For 
convenience,  the  three  sticks  with  the  weakest  spring  gradients  are 
classified  as  "spring  sticks";  the  remaining  three  are  classified  as 
"stiff  sticks". 
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A total  of  seven  experimental  subjects  participated  in  all  phases  of 
this  program;  all  results  shown  in  this  paper  are  the  average  response 
characteristics  of  these  subjects.  Accelerometers  located  on  the  shoulder, 
elbow,  and  on  a bitebar  held  between  the  teeth  allowed  the  computation  of 
body,  head,  and  limb  response  to  vibration. 


EXPERIMENTAL  RESULTS 


Biodynamlc  Response 

Analysis  of  variance  of  rms  accelerations  of  shoulder,  body,  and  head 
indicated  that  neither  stick  location  nor  stick  design  had  a significant 
effect  on  these  variables.  Consequently,  describing  functions  relating 
body  and  head  motion  to  platform  vibration  were  computed  from  data  averaged 
across  the  six  sticks  and  averaged  across  side  and  center  location.  In 
addition,  inter-subject  variability  was  no  greater  than  that  observed  for 
tracking  performance  (about  lOZ  to  20Z  of  the  subject  mean);  hence, 
averaging  biodynamlc  response  measures  across  subjects  was  considered 
justified. 

"Stick  feedthrough"  is  defined  as  the  portion  of  control  motion  that 
is  linearly  related  to  the  platform  vibration  due  to  biomechanical  coupling. 
Feedthrough  describing  functions  were  computed  for  all  six  control  configu- 
rations. Average  results  for  the  three  stiff  sticks  are  shown  in  Figure  1; 
data  for  side  and  center  locations  (where  available)  are  shown  separately. 


In  order  to  be  able  to  extrapolate  these  results  t?  stick  configurations 
not  tested  in  these  experiments,  the  impedance  model  of  Figure  2 was  postu- 
lated to  isolate  portions  of  the  feedthrough  mechanism  that  are  related  to 
the  man  and  his  coupling. 


The  impedance  model  of  Figure  2 was  postulated  so  that  these  results 
could  be  extrapolated  to  control  configurations  not  explored  in  this 
experimental  program.  "Transfer  impedance"  ZT  and  "output  impedance"  ZO 
are  assumed  to  reflect  biodynamic  properties  of  the  pilot  and  of  the  bio- 
mechanical configuration  and  are  assumed  to  be  Independent  of  control-stick 
characteristics.  ZS  is  the  impedance  of  the  stick.  Theoretically,  once 
ZT  and  ZO  have  been  determined  empirically  in  a given  biodynamlc  environment, 
the  feedthrough  describing  function  can  be  determined  for  any  set  of  stick 
characteristics  by  the  equation: 


C .-il— 

V ZO  + ZS 


a 


P 


(1) 


Regression  analysis  (described  in  [1])  was  performed  to  yield  the 
transfer  and  output  impedances  shown  in  Figure  3.  To  test  the  validity 
of  this  type  of  analysis,  these  impedance  functions  were  then  used,  along 
with  the  stick  impedances,  to  "predict"  the  variance  of  stick  feedthrough 
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Figure  3.  Transfer  and  Output  Impedances 
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for  each  control  configurations.  Comparisons  of  these  predictions  with 
corresponding  experimental  measures  is  shown  in  Figure  4.  Except  for  one 
or  two  cases,  predictions  were  reasonably  accurate.  Thus,  we  are  Justified 
in  using  the  in^edance  model  of  Figure  2 to  extrapolate  experimental  results 
to  new  stick  configurations. 

Average  describing  functions  relating  head  translation  ott)/o(p 
and  head  rotation  ao/ap  to  platform  vibration  are  shown  in  Figure  5.  By 
appropriate  geometric  analysis,  one  can  compute  the  relative  motion  between 
head  point-of-regard  (HPR)  and  the  display  [1-2);  making  assumptions 
concerning  the  ability  of  the  occulomotor  system  to  compensate  for  relative 
display  movement,  one  can  then  estimate  relative  movement  between  the  eye 
point-of-regard  (EPR)  and  the  display  [1-3].  Average  estimated  relative 
displacement  was  approximately  .083  inches;  average  relative  velocity  was 
about  2.9  inches/second  [1]. 


Tracking  Performance 

Analysis  of  variance  revealed  that  stick  location  had  no  significant 
effect  on  either  rms  error  cr  rms  control  scores.  Consequently,  further 
analysis  of  tracking  results  was  performed  on  averages  of  data  obtained 
from  side  and  center  locations. 

A statistically  significant  interaction  between  stick  design  parameters 
and  vibration  was  found.  That  is,  the  presence  of  vibration  consistently 
increased  both  error  and  control  scores,  but  the  amount  of  these  increases 
differed  for  the  various  stick  configurations.  This  conclusion  is 
demonstrated  graphically  by  the  performance  scores  shown  in  Figure  6. 

Rms  control  scores  are  shown  in  terms  of  both  volts  and  pounds  of 
force  in  Figure  6.  The  change  of  control  force  with  stick  configuration 
(Figure  6c)  resulted  from  the  requirement  of  the  pilot  to  adapt  to 
varying  control  gains  (measured  as  volts/pound) . The  increase  in  rms 
control  activity  with  vibration  was  particularly  great  for  the  stiff 
sticks  due  to  stick  feedthrough. 

Although  feedthrough  components  of  the  control  inputs  were  sizeable  for 
certain  stick  configurations,  the  vehicle  dynamics  filtered  out  much  of  this 
input  so  that  feedthrough  had  a relatively  small  effect  on  system  error. 

The  increase  in  tracking  error  due  to  vibration  was,  instead,  directly 
traced  to  an  increase  in  nilot  remnant,  as  was  found  to  be  the  case  in  a 
previous  study  [ 2 ] . 

Frequency-domain  measures  are  shown  for  the  static  and  vibration 
environments  for  one  of  the  stick  configurations  in  Figure  7.  Amplitude 
ratio  and  phase  shift  refer  to  the  pilot  describing  function;  "rem/cor" 
is  the  ratio  of  remnant-related  stick  power  to  input-correlated  stick  power 
at  each  input  frequency.  Remnant  measures  arc  "closed-loop*';  l.c.,  remnant 
has  not  been  reflected  to  an  equivalent  injected  noise  process. 
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All  six  stick  configurations  showed  the  trends  revealed  in  Figure  7. 

The  imposition  of  whole-'body  vibration  caused  the  amplitude  ratio  to  decrease 
at  gain-crossover  (about  3 rad/sec)  and  lower  frequencies,  but  to  Increase 
at  the  highest  measurement  frequency  of  10.5  rad/sec;  high-frequency  phase 
shift  increased:  and  the  ratio  of  remnant  to  correlated  control  power 
Increased  at  all  measurement  frequencies. 

Model  analysis  using  the  optimal-control  pllot/vehlcle  model  [A-S] 
was  performed  so  chat  these  performance  changes  could  be  Interpreted  in 
terms  of  changes  in  the  pilot's  basic  information-processing  capabilities. 
Details  of  the  analysis  procedure  are  given  in  [1].  The  important  results 
are  reviewed  here. 

Analysis  was  first  performed  on  the  average  static  response  measures 
with  the  aim  of  finding  a single  set  of  pilot-related  parameter  values  to 
account  for  performance  with  all  six  stick  configurations.  (To  account 
for  differences  due  to  stick  design,  a second-order  representation  of  the 
pilot/stick  Interface  was  included  in  the  representation  of  system 
dyn£unlcs.)  Parameter  values  that  reproduced  the  data  satisfactorily 
were  0.15  seconds  time  delay,  0.1  seconds  "motor  lag"  time  constant,  -21 
dB  observation  noise/signal  ratio,  and  0.004  (about  -30  dB)  motor  noise/ 
signal  ratio.  These  values  are  typical  of  those  found  in  earlier  studies 
of  single- axis  tracking  [4-7). 

Vibration  data  were  then  analyzed  to  find  a single  set  of  parameter 
values  to  account  for  performance  with  all  six  configurations.  Further- 
mo~e,  an  attempt  was  made  to  find  the  least  number  of  parameter  changes 
t'  .t  would  provide  a good  match  to  experimental  results.  The  following 
parameter  changes  were  required  to  account  for  the  effects  of  vibration: 

(1)  time  delay  Increased  to  0.2  seconds,  (2)  motor  noise/signal  ratio 
Increased  tenfold  to  about  0.04,  and  (3)  a "residual"  observation  noise 
variance  equal  to  the  estimated  variance  of  relative  motion  between  EPR 
and  display  was  included.  Mo  changes  were  needed  for  motor  lag  or 
observation  nolse/slgnal  ratio.  Figure  6 shows  that  frequency-domain 
measures  were  matched  well  by  the  model  (smooth  curves) . 


DESIGN  GUIDE 


Having  been  "calibrated"  for  the  effects  of  vibration,  the  pilot/ 
vehicle  model  may  be  employed  in  the  design  of  control-sticks  in  a 
vibration  environment.  Until  further  data  have  been  obtained,  however, 
application  must  be  restricted  to  z-a:cls  vibration  and  to  the  specific 
biomechanical  configuration  explored  in  this  study. 
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An  outline  of  the  model  structure  is  diagrammed  In  Figure  8.  This 
model  consists  of  the  optimal-control  pllot/vehlcle  model  referred  to 
above,  plus  an  element  (labeled  "vibration  feedthrough")  to  account  for 
control  inputs  linearly  related  to  platform  vibration.  For  simplicity 
of  exposition  we  consider  a single-variable  tracking  task;  extension  of 
the  model  to  multi-input,  multi-control  systems  is  straightforward. 

Input  variables  shown  in  Figure  8 are  the  tracking  input,  1,  assumed 
to  be  a zero-mean  Gaussian  random  process;  the  platform  vibration,  ttp; 
the  pilot's  observation  noise  process,  \^;  and  the  pilot's  motor  noise 
process,  Vy.  Response  variables  include  tracking  error,  _e,  the  pilot's 
control  force,  u,  the  electrical  control  input  provided  by  the  control 
device,  5^,  the  control  input  due  to  vibration  feedthrough,  6y,  and  the 
total  control  input,  5,  given  as  the  sum  of  the  tracking  and  feedthrough 
control  components.  (Ue  assume  that  platform  vibration  is  at  frequencies 
beyond  the  bandpass  of  the  man/machlne  system  so  that  the  pilot  cannot 
effectively  track  out  the  feedthrough-related  inputs.)  Error  and 
observation  noise  are  shown  as  vector  quantities,  since  the  pilot  will 
generally  obtain  and  use  both  displacement  and  velocity  information  from 
a single  error  indicator  [7,  8]. 

The  procedure  for  using  this  model  to  predict  the  effects  of  stick 
parameters  on  tracking  performance  is  diagrammed  in  Figure  9 and  is 
summarized  below: 

1.  System  dynamics  are  represented  in  state-variable  format. 
Control-stick  and  display  dynamics,  as  well  as  frequency- 
shaping  of  the  tracking  input,  are  included  in  this 
formulation. 

2.  Pilot-related  model  parameters  not  affected  by  vibration 
are  assigned  values  from  well-documented  studies  of 
pllot/vehlcle  performance  in  non-vibration  environments. 
Parameters  that  appear  to  fall  into  this  category  are 
motor  lag  and  observation  noise/signal  ratio. 

3.  Pilot  parameters  of  time  delay  and  motor  nolse/slgnal 
ratio  are  assigned  values  to  reflect  the  effectr  of 
vibration.* 


*Results  of  a current  study  [Air  Force  Contract  No.  F33615-75-C-5043] 
indicate  that  both  time  delay  and  motor  noise/signal  ratio  increase 
linearly  with  rms  shoulder  acceleration.  To  predict  these  model 
parameters,  we  use  existing  empirical  models  of  shoulder  feedthrough 
to  predict  shoulder  motion  in  a specific  vibration  environment. 
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Figure  8.  Outline  of  the  Model  Structure 
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Figure  9 
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Procedure  for  Predicting  Tracking  Performance 
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4.  Describing  functions  relating  head  motion  to  platform  accelera- 
tion are  used  to  estimate  relative  motion  between  the  eye 
polnt-of-regard  and  the  display.  This  motion  variable 
determines  the  value  of  a model  parameter  related  to  visual 
resolution  limitations. 

5.  All  parameters  of  the  pilot /vehicle  model  having  now  been 
defined^  predictions  of  tracking  performance  (excluding 
stick  feedthrough)  are  obtained. 

6.  The  Impedance  model  of  Figure  2 is  analyzed  to  predict  the 
feedthrough  describing  function  for  the  particular  stick 
configuration  of  Interest.  Appropriate  Integrations  are 
performed  to  obtain  predicted  error  and  control  variances 
due  to  feedthrough. 

7.  Error  variance  related  to  feedthrough  Is  added  to  the 
variance  score  predicted  from  the  optimal-control  model 
to  yield  total  error  variance. 

8.  Since  a change  In  stick  parameters  will  generally  affect 
both  tracking  performance  as  well  as  feedthrough » the 
entire  procedure  is  repeated  to  explore  the  effects  of 
changing  one  or  more  parameters  of  the  control  stick. 

This  model  was  applied  to  the  six  control  configurations  explored  In 
this  study  in  order  to  determine  whether  or  not  the  rules  stated  above 
would  allow  a consistently  good  match  to  the  data  obtained  from  all 
experimental  conditions.  The  major  experimental  variable  was  spring 
gradient • although  electrical  gain  had  to  be  changed  as  well  [1]. 

Model  analysis  was  performed  In  the  manner  described  In  the  pre- 
ceding section.  Figure  10  compares  measured  and  model  performance  scores 
for  the  six  configurations*  (Scores  Include  the  effects  of  vibration 
feedthrough.)  All  scores  are  matched  to  within  one  standard  deviation. 
Model  results  are  not  true  "predictions”,  of  course,  since  the  data 
were  used  to  determine  the  relation  between  pilot  parameters  and 
vibration.  The  ability  to  match  ail  conditions  with  a single  set  of 
parameters,  however,  tends  to  validate  the  design  procedure  outlined 
above.  Use  of  the  model  to  predict  the  effects  of  control  gain  and 
stick  damping  Is  demonstrated  In  [1]. 

Although  this  paper  has  emphasized  the  relation  between  vibration 
effects  and  control  stick  design,  the  de^^ign  guide  suggested  here  can  be 
used  to  explore  a number  of  additional  aspects  of  the  manual  control 
system.  The  pllot/vehlcle  model  that  forms  the  basis  for  this  guide 
has  been  shown  to  account  for  the  relation  between  pilot  and  system 
performance  and  such  system  parameters  as  vehicle  dynamics  [4,  5], 
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tracking  input  spectrum  [4,  5],  display  gain  [7],  and  attention  sharing 
[6].  In  addition,  the  model  has  been  applied  to  multi-variable  tasks  in 
non-vibration  environments  [9,  10]. 

Results  of  a current  study  indicate  that  biodynamic  response 
mechanisms  are  essentially  linear  for  rms  vibration  Inputs  up  to  0.3  g 
and  that  results  can  be  extrapolated  across  single-sinusoid,  sum-of- 
slnusoids,  and  random  vibration  spectra.  Thus,  it  appears  that  the 
design  guide  can  be  applied  to  a variety  of  z-axls  vibration  environments. 

Application  of  the  design  guide  must  be  restricted,  however,  to 
z-axis  vibration  and  to  the  specific  biomechanical  configuration  explored 
in  the  AMRL  experiments.  This  restriction  is  Imposed  because  the  bio- 
mechanical response  patterns  reported  herein,  as  well  as  the  relation 
between  vibration  and  pilot  parameter  changes,  are  strictly  empirical 
findings,  not  theoretical  results.  In  order  to  apply  the  model  to 
other  axes  of  vibration  and  to  other  blodynamic  environments,  "calibration" 
experiments  will  be  needed  to  determine  the  effects  of  vibration  on  pilot 
parameters  and  to  quantify  relevant  blodynamic  response  mechanisms.  Once 
reliable  and  useable  theoretical  models  become  available  for  predicting 
these  relationships  from  a knowledge  of  the  biomechanical  configuration, 
these  restrictions  may  be  relaxed. 
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SU^IARY 

The  selection  of  the  structure  of  optimal  control  type 
models  for  the  human  gunner  in  an  anti-aircraft  artillery  (AAA) 
system  is  considered.  Several  structures  within  the  LQG  frame- 
work may  be  formulated.  Two  basic  types  are  considered:  (1)  kth 
derivative  controllers,  and  (2)  proportional-integral-derivative 
(P-I-D)  controllers.  It  is  shown  that  a suitable  criterion  for 
model  structure  determination  can  be  based  on  the  ensemble  statis- 
tics of  the  tracking  error.  In  the  case  when  the  ensemble  track- 
ing steady  state  error  is  zero,  it  is  suggested  that  a P-I-D  con- 
troller formulation  be  used  in  preference  to  the  kill  derivative 
controller. 


INTRODUCTION 


The  standard  optimal  control  model  (SOCM)  for  the  human 
operator  has  been  extensively  used  in  the  past  [1-3]  for  modeling 
and  predicting  human  performance  in  complex  manned  aircraft  and 
weapon  systems.  The  usual  approach  towards  validating  the  stand- 
ard optimal  control  model  (SOCM)  is  well  Jocumented  in  the  liter- 
ature, and  may  be  summarized  in  terms  of  the  following  two  steps: 
(1)  the  model  structure  corresponding  to  the  standard  optimal 
control  model  is  arbitrarily  chosen.  In  particula, , the  human  is 
assumed  to  behave  as  an  optimal  controller/estimator  with  a quad- 
ratic cost  functional 

J » e/  {(x,Qx)  ♦ qu^}dt 

where  (x,Qx)  represents  the  quadratic  cost  due  to  the  tracking 

error  and  (u)^  reflects  the  penalty  for  the  deviations  in  rate  of 
change  of  control  input  from  zero;  and  (2)  the  parameters  of  the 
standard  optimal  control  model  are  chosen  using  empirical  "rules 
of  thumb"  and  iterated  upon  until  a close  fit  (usually  an  "eye 
ball"  fit)  of  the  model  predictions  to  actual  data  is  obtained. 


This  rfork  was  supported  by  Aerospace  Medical  Research  Laboratory,  Wright - 
Patterson  AFB,  (iiio,  under  Contract  F 33615-75-C-0016. 
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that  a more  general  ktji  derivative  controller  structure  or  pos- 
sibly a proportional  - integral -derivative  (P-I-D)  controller  rep- 
resentation may  be  required  for  accurate  modeling  of  the  human 
gunner  in  an  anti-aircraft  artillery  (AAA)  tracking  task.  An 
overview  of  the  analytical  results  follows. 


THE  ANTI-AIRCRAFT  ARTILLERY  TRACKING  TASK 


The  general  configuration  of  a manned  anti-aircraft  artil- 
lery task  (AAA)  is  as  shown  in  figure  1.  The  human  gunner's  task 
is  to  apply  the  proper  azimuth  and  elevation  control  inputs  via 
crank  handles  such  that  the  gunsight  tracks  the  target  aircraft 
with  minimum  error.  The  objective  of  this  paper  is  to  evaluate 
the  analytical  and  practical  implications  of  optimal  control  type 
models  for  the  human  gunner  in  predicting  overall  weapon  system 
effectiveness.  The  analysis  of  the  tracking  task  assumes  no 
coupling  between  azimuth  and  elevation  axes,  in  order  to  illus- 
trate the  general  methodology  for  selecting  an  optimal  control 
model  structure  using  available  experimental  or  field  test  data. 
The  analysis  is  further  restricted  to  modeling  the  deter- 
ministic component  of  the  gunner  tracking  response  to  quasi - 
deterministic  target  trajectories.  Consequently,  only  the  deter- 
ministic optiir**!  controller  model  for  the  human  gunner  need  be 
considered.  ■ basic  idea  is  to  choose  the  optimal  control 
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Figure  1:  Configuration  of  a Manned  AAA  System 
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model  structure  that  is  most  consistent  with  the  characteristics 
of  the  steady  state  ensemble  mean  of  the  tracking  error. 


klH  DERIVATIVE  CONTROLLER  FORMULATION 


As  in  the  standard  optimal  control  model  formulation,  tie 
development  of  the  kth  derivative  controller  model  requires 
state  variable  models  for  the  target  trajectory,  the  gunsight 
dynamics  and  perceived  displays.  The  gunsight  dynamics  can 
be  modeled  by  a single  input/single  output  transfer  function  and 
can  be  put  in  the  state  variable  form 


= A„x  + b„u 
g g g g 


“ C„x„ 
g g g 


(1) 


Similaily,  it  is  reasonable  to  assume  that  the  target  motion  in 
line-of -sight  coordinates  can  be  represented  by  an  order  poly- 
normal in  time  with  added  colored  noise  describing  the  difference 
between  the  polynomial  trajectory  and  the  actual  trajectory. 

Figure  2 shows  the  transfer  function  model  for  the  target  trajectory. 
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Figure  2:  Target  fiajectory  Model 


In  state- variable  form,  the  model  is 

Xj  = AjXj  + Fw 

(2) 


The  gunner  observes  the  tracking  error 

e » 6j  - 8g  (3J 

The  k—  derivative  controller  model  assumes  that  the  human  mini- 
mizes a cost  functional  of  the  form 
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J = Ey*  |e^  +(g  jdt,  k=0,l,2,..., 


i 1 


(4) 


The  solution  to  the  above  linear,  quadratic  cost,  Gaussian 
(LQG)  ootimal  control  problem  is  of  the  form 


u 


0^)  = 
"opt 


u 


(5) 


where  - [u,u,...,u^^ 


(6) 


A^,  A^  and  A^  are  the  optimal  feedback  gain  vectors  on  the 

target,  gun  sight  and  control  state  vectors,  respectively.  These 
can  be  computed  explicitly  by  solving  appropriate  matrix  Riccati 
equations . 

Solving  for  the  transfer  function  relating  tracking  error  e 
to  target  motion,  0.j,,  gives 


E(s)  ^o^^l^"^ "^^k-l^^  ” 

w:^ 


(7) 


where  {a^}  are  functions  of  the  optimal  control  gains  A^,Ag,  A^ 

and  the  gun  sight  and  target  trajectory  models,  rnd  D(s)  is  some 
polynomial  in  s.  An  interesting  result  is  that  the  {aj^,  i=0,l, 
...,k-l}  can  be  shown  to  be  identically  zero.  This  result  has  a 
direct  impact  on  the  steady  state  properties  of  the  tracking 
error  response  to  the  deterministic  polynomial  target  trajectory 
input.  Thus,  if 


and 


* 


e^^ctj  = c + c.t  + . . . 

« OX 

j = 1,  2,  ...,  Z+1,  then 

®ss  = lim  s[s^*'  ^^^^E(s)j  = 


S*>0 
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lim  s 
s-*-o 


i- j +2 


CTil 


+a,  s 
k*n 


k+n 


^ 7 '"  7^. 


= 0 


(8) 


Table  1 shows  the  characteristics  of  the  steady  state  track- 
ing error  for  various  values  of  k and  1. 


Table  1:  Implications  of  k Values  on 
Steady  State  Tracking  Error 


CASE 

STEADY  STATE  TRACKING  ERROR 

k*l 

k»2 

• 

f 

• 

k=j 

• 

• 

k=t-l 

k=t 

k*t+l 

®ss^  * ® ®ss  * polynomial  in  t of  degree  (t-1) 

®ss"^^  * ® ®ss  * polynomial  i.i  t of  degree  (t-2) 

®ss"^*^^* ® ®ss  ~ polynomial  in  t of  degree  (t-j) 

®ss  “ ® ®ss  ' 

e „ = 0 e = constant 

ss  ss 

^s  ' « 

The  above  results  in  Table  1 can  be  used  as  the  criterion  in  the 
selection  of  a specific  integer  value  of  kj^  as  follows: 

(1)  Compute  the  ensemble  statistics  of  the  tracking  error 
using  a sufficiently  large  number  of  experimental  runs. 
That  is,  determine  the  ensemble  mean  steady  state 
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error  and  its  ensemble  variance. 

(2)  Fit  the  ensemble  mean  tracking  error  with  a minimal 
degree  polynomial  in  time.  Determine  the  degree  of  the 
polynomial  using  stepwise  regression  and  statistical 
hypothesis  testing,  taking  into  consideration  the  en- 
semble variance  information  in  estimating  the  level  of 
significance.  Let  m be  the  degree  of  this  polynomial. 

(3)  Then  according  to  Table  1,  (t-j)  must  be  equal  to  m. 
Therefore,  a kill  derivative  controller  with  k=t-m  must 
be  selected  to  fit  the  tracking  data  under  considera- 
tion. 

However,  it  must  be  emphasized  that  the  results  given  in 

Table  1 are  met  only  as  long  as  the  modeling  r.ssumptions  are 

accurate.  In  other  words,  the  kill  derivative  controller  model  is 

not  robust.  For  the  case  when  e„  = o,  a value  of  k*£+l  is  re- 

ss 

quired  in  the  formulation.  For  this  case,  a proportional - 
integral-derivative  (P-I-D)  controller  model  for  the  gunner  is 
recommended  over  a kill  derivative  controller  representation  in 
view  of  the  robustness  of  the  former  and  the  lack  of  robustness 
in  the  latter  model.  Details  of  the  P-I-D  controller  formulation 
are  discussed  next. 


PROPORTIONAL -INTEGRAL -DERIVATIVE  CONTROLLER  (P-I-D)  FORMULATION 


A second  type  of  human  operator  model  that  may  be  formulated 
within  the  LQG  framework  is  the  P-I-D  controller  [4].  In  this 
case,  the  formulation  requires  the  dynamic  equations  be  written 
in  terms  of  the  tracking  error. 

For  example,  if 


e(t)  » 6j(t)-0g(t) 

and  the  gun  model  can  be  represented  by 

0 ( s ) M r ’v 

g _ N(.s) 

u(s)  b(s) 

while  the  target  model  is 

1 


0j(s) 

WTsT 


.H+l 


11=0,1,2, . 
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The  P-I-D  formulation  requires  the  system  equations  be  written 
in  terms  of  the  tracking  error  and  its  higher  derivatives  as 
follows : 


e = e + u + w 
— e — e e 

„ r . t.nnr 

e=  e,e,  . . . y e 

u = s*"^^  N(s)  u 
w = D(s)  w 

This  implies  that  the  target  trajectory  can  be  modeled  as  shown 
in  Figure  3.  Note  that  for  a P-I-D  controller,  the  fit  error 
between  the  actual  target  motion  and  the  UlIl  degree  polynomial 
function  is  assumed  to  be  colored  noise  that  is  obtained  by 

£+1 

passing  white  noise  through  1/D(s)  s where  D(s)  represents 
the  denominator  of  the  gunsight  transfer  function. 

If  one  computes  the  transfer  function  E(s)/0j(s)  using  the 

P-I-D  controller  structure,  it  can  be  shown  that  the  steady-state 
tracking  error  e =0.  This  is  true  even  if  the  parameters  of 

the  assumed  gunsight/target  model  are  different  from  their  true 
values.  Thus,  the  P-I-D  controller  is  insensitive  to  modeling 
assumptions  and  is,  therefore,  robust. 


The  transfer  function  for  the  human  operator  may  be  obtained 

by  computing  I . For  the  P-I-D  controller,  this  is  shown  in 
b ( s J 

figure  4. 
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F’igure  3:  Block  Diagram  Showing  9j  (Target)  Model 
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Figure  4:  Block  Diagram  Showing  P-I-D  Controller  as  Pilot  Model 


CONCLUDING  REMARKS 


The  ensemble  mean  of  the  tracking  error  provides  a suitable 
criterion  to  select  an  appropriate  structure  of  an  optimal  con- 
trol pilot  model,  all  within  the  framework  of  the  LQG  problem. 

The  structure  of  the  kill  derivative  controllers  allows  the  design- 
er to  appropriately  match  model  predictions  to  the  steady-state 
tracking  error.  For  the  case  when  the  steady-state  tracking 
error  is  zero,  the  selection  of  a P-I-D  controller  adds  robust- 
ness to  the  design,  and  is  recommended. 


682 


i 


T' 


REFERENCES 


1.  Kleinman,  D. , et  al.,  "A  Control  Theoretic  Approach  to 
Manned- Vehicle  Systems  Analysis,"  IEEE  Trans.  Auto.  Cont., 
Vol.  AC-16,  pp.  824-832,  1971. 

2.  Phatak,  A.,  et  al..  Identification  of  the  Optimal  Control 
Model  for  the  Human  Operator,  Final  tech*  Report,  AMRL  TR- 
74-49,  Aerospace  Medical  Research  Laboratory,  September  1974. 

3.  Kleinman,  D.  and  Perkins,  T.,  "Modeling  Human  Performance  in 
a Time-Varying  Anti-Aircraft  Tracking  Loop,"  IEEE  Trans. 

Auto . Cont ♦ , Vol.  AC-19,  pp.  297-306,  1974. 

4.  Athans,  M. , "On  the  Design  of  P-I-D  Controllers  Using  Opti- 
mal Regulator  Theory,"  Automatica,  Vol.  7,  pp.  643-647, 

1971. 


683 


1 


T 


w 


T 


I 


1 


I 


! 


1 


N75  33718 

COMPARISON  OF  HUMAN  DRIVER  DYNAI4ICS  IN  SIMULATORS 
WITH  COMPLEX  AND  SIMPLE  VISUAL  DISPLAYS 
AND  IN  AN  AUTOMOBILE  ON  THE  ROAD 


By  Duane  T.  McRuer  and  Richard  H.  Klein 

Systems  Technology,  Inc. 
Hawthorne,  California 


SUmRY 

As  part  of  a comprehensive  program  exploring  driver/vehicle  system  response 
in  lateral  steering  tasks,  driver /vehicle  system  describing  functions  and  other 
dynamic  data  have  been  gathered  in  several  milieu.  These  include  a simple 
fixed-base  simulator  with  an  elementary  roadway  delineation-only  display;  a 
fixed-base  statically  operating  automobile  with  a terrain-model-based,  wide 
angle  projection  system  display;  and  a full-scale  moving-base  automobile  opera- 
ting on  the  road. 

Dynamic  data  with  the  two  fixed-base  simulators  compared  favorably,  imply- 
ing that  the  impoverished  visual  scene,  lack  of  engine  noise,  and  simplified 
steering  wheel  feel  characteristics  in  the  simple  simulator  did  not  induce 
significant  driver  dynamic  beliavior  variations.  The  fixed-base  vs.  moving- 
base  comparisons  showed  substantially  greater  crossover  frequencies  and  phase 
margins  on  the  road  course,  which  can  be  ascribed  primarily  to  a decrease  in 
the  driver's  effective  latency  for  the  moving  base.  When  considered  with  pre- 
vious data,  the  moving-base  full-scale  vs.  fixed-base  simulator  differences 
are  ascribed  primarily  to  the  motion  cues  present  on  the  road  course  rather 
than  to  any  visual  field  differences. 


INTRODUCTION 


Over  a period  of  several  years,  STI  has  conducted  a variety  of  programs  to 
explore  dr iver /vehicle  system  behavior  in  directional  control  tasks.  These 
programs  have  been  conducted  to  satisfy  different  and,  in  general,  unconnected 
purposes;  yet  similar  techniques  and  procedures  have  been  applied.  As  a conse- 
quence, and  incidental  to  the  individual  program  pui'poses,  we  have  gathered 
driver/vehicle  system  describing  function  and  other  dynamic  data  in  several 
different  milieu.  Comparison  of  data  from  three  of  these  gives  some  interest- 
ing insights  about  visual  cue  needs  in  driving  and  about  the  effects  of  motion 
and  visual  cues  when  contrasted  with  visual  cues  alone.  We,  unfortunately, 
have  to  be  satisfied  with  the  "interesting  insights"  rather  than  more  concrete 
significant  differences  because  we  have  no  common  populations  of  subjects  in 
the  three  situations. 
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The  driver's  visual  field,  in  general,  is  extremely  complicated  and  defies 
description.  On  the  other  hand,  what  is  important  in  the  visual  field  from  the 
standpoint  of  guidance  and  control  may  be  vcrj"  simple  to  describe  in  principle 
and  to  determine  in  practice.  To  explore  this  with  a "thought  experiment," 
imagine  an  experimental  series  in  which  the  visual  field  content  is  succes- 
sively modified  by  removing  texture  and  objects  in  the  surround,  adjusting 
delineation  features,  etc.  Only  the  driver's  visual  field  would  be  varied, 
and  the  factors  to  be  held  constant  would  include  the  vehicle  dynaunics,  the 
driver  subjects,  and  the  excitation  against  which  the  car  is  to  be  regulated. 
For  each  treatment  in  this  imaginary  experimental  series,  a set  of  lane  regu- 
lation tasks  wovild  be  lain  and  measurements  made  of  the  driver's  dynamics  and 
the  driver/vehicle  system  performance.  For  those  visual  field  variations  in 
which  there  is  no  change  indicated  in  the  basic  driver  characteristics,  the 
differences  between  the  more  complex  and  the  simpler  visual  scenes  would  be 
redundant  to  the  development  of  appropriate  guidance  and  control  feedback  sig- 
nals by  the  driver.  On  the  other  hand,  if  driver  dynamic  differences  show  up, 
the  visual  differences  in  the  comparative  scenes  are  important  in  terms  of  the 
particular  driver  functions  modified.  If  this  experiment  were  performed  for  a 
sufficient  variety  of  visual  scenes,  we  would  have  a complete  story  on  the 
driver's  guidance  requirements  in  general. 

This  thought  experiment  can  be  expanded  further  to  include  the  effects  of 
motion  cues  by  contrasting  driver  behavior  measurements  taken  in  a fixed-base 
situation  with  its  full-scale  automobile  equivalent. 


BEVm  OF  Em2U3tE3«IS 


We  can  now  fill  in  the  outline  of  this  thought  experiment  with  data  taken 
from  three  experimental  series.  The  first  is  the  full-scale  roadway  experi-' 
ments  reported  in  Ref.  1 . There  the  physical  seen**  was  that  of  a con^lete 
roadway,  well  marked,  viewed  through  the  windshiei^d  of  a 197U  Chevrolet  Nova. 

The  automobile  was  fitted  with  a disturbance  generator  and  Describing  Function 
Analyzer,  so  that  describing  function  and  other  driver /vehicle  system  measure- 
ments could  be  made.  The  general  character  and  nature  of  the  measurements  in 
this  and  the  other  two  experiments  to  be  considered  below  were  accomplished  as 
described  in  Ref.  2.  The  driver's  task  was  lane  regulation  in  the  presence  of 
a simulated  strongly  gusting  crosswind  disturbance.  The  disturbance  was  applied 
by  moving  the  front  wheels  with  an  extensible  link  servomechanism.  This  moves 
the  tires  but  not  the  steering  wheel,  because  the  servo  is  installed  in  series 
with  the  driver,  backed  up  by  the  power  steering  unit,  which  serves  to  isolate 
the  servo  motions  from  the  steering  wheel.  The  driver's  regulation  task  is 
simply  to  keep  the  car  centered  in  the  lane  by  applying  corrective  steering 
inputs.  In  the  Ref.  1 experiments  this  task  was  performed  at  l.O  mph  by  all 
18  subjects  many  times.  The  measurement  interval  was  2^>  seconds,  and  the  pri- 
mary driver  Vehicle  system  dynamic  response  data  are  given  in  terms  c.  the 
effective  single-loop,  open-loop  describing  function,  YpO|  . This  measure- 
ment was  taken  with  the  STI/NASA  Describing  Function  Analyzer  (Ref.  ?)  per  the 
measurement  scheme  outlined  in  Ref.  2.  A representative  sample  is  shown  in 
Fig.  1.  In  this  typical  example  the  amplitude  ratio  is  very  close  to  an  ideal 
crossover  model  form. 
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The  second  experimental  series  (Refs.  and  t-0  was  conducted  on  a fixed- 
base  simulation  using  the  UCLA  Driving  Simulator.  In  this  series  the  driver 
was  seated  in  a I9r.s  Chevrolet  sedan  which  was  mounted  on  a chassis  dynamometer. 
The  dynamometer  drum  speed,  controlled  by  the  driver  via  the  car's  accelerator 
and  brakes,  determined  the  landscape  velocity  of  a moving  model  landscape  rela- 
tive to  a black  and  white  TV  camera.  This  was  projected  on  a large  screen  to 
provide  the  driver's  visual  cues.  The  driver's  steer  angle  output  was  fed  to 
an  analog  ccanputer  containing  the  vehicle  eq\’^tions  of  motion,  and  thence  to 
the  TV  camera  servos  which  moved  the  "car"  c/er  the  model  terrain.  The  net 
notions  of  camera  and  model  landscape  provided  the  displaced  motion  presented 
to  the  driver.  Because  the  included  horizontal  angle  of  the  visual  field  was 
about  UO  deg,  the  relative  motion  and  geometric  cues  used  for  directional  con- 
trol were  adequate  for  foveal  and  parafoveal  vision.  The  visual  field  resolu- 
tion was  such  that  an  object  the  size  of  an  oncoming  vehicle  could  be  distin- 
guished at  an  equivalent  full-scale  distance  of  about  a quarter  of  a mile, 
which  was  the  length  of  the  moving  belt  landscape.  The  overall  in5>ression 
with  the  UCLA  simulator  is  of  a highly  realistic  driving  situation  in  desert 
terrain  under  a dark  overcast. 

The  third  series  was  fixed-base  operation  in  the  STI  simulator.  Data  from 
two  experiments  (Refs.  1,  6,  and  7)  in  which  this  simulator  was  used  are  appro- 
priate. In  these  experiments  the  visual  scene  was  made  as  simple  as  possible, 
i.e.,  it  consisted  of  two  lane  edges  only,  drawn  in  perspective  on  the  CRT  v;ith 
decreasing  intensity  in  the  distance.  Heading  and  lane  deviations  of  the  car 
resulted  in  motions  of  the  road  relative  to  a fixed  mask  of  a car  hood,  left 
fen-^er,  and  windshield  outline.  The  simulator  itself  consisted  of  a modified 
]9''8  Mustang  cab  with  the  steering  wheel  adjusted  to  approximate  the  force 
feel  characteristics  of  a power  steering  unit. 


DAZA  UnERPRETATION  ARD  CONCLUSIONS 

By  comparing  the  driver/vehicle  system  performance  data  from  these  three 
experiments  we  can  deduce  the  relative  importance  of  feat\ires  iu  the  three 
visual  scenes  presented.  The  data  most  readily  at  hand  are  for  the  system 
crossover  frequency  and  phase  margin.  These  reflect  primarily  the  driver  lead 
equalization  and  heading  gain  properties. 

The  first  and  most  direct  comparison  is  between  the  STI  simulator  and  the 
full-scale,  moving-base  results.  Here  the  subject  and  the  task  are  the  same. 

The  crossover  frequency  and  phase  margins  for  comparable  vehicle  dynamics  are 
shown  in  Fig.  2 as  a function  of  the  vehicle  yaw  time  constant,  Tj..  Note  that 
the  trends  of  full-scale  and  moving-base  results  are  parallel  but  that  the  full- 
scale  has  a higher  crossover  frequency  and  a higher  phase  margin.  Previous 
experiments  (Refs.  B and  '■'>)  in  which  separate  describing  function  measurements 
wore  made  for  motion  and  visual  cues  indicate  that  this  difference  can  be  attri- 
buted to  motion  (vestibular)  feedback  effects  (due  primarily  to  the  semicircu- 
lar canals)  which  are  active  in  the  moving-base  case  and  not  in  fixed  base. 

When  this  effect  is  removed,  the  phase  margin  data  essentially  overlay  one 
another  and  the  crossover  frequency  curves  are  almost  the  same. 
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When  the  results  from  the  UCLA  simulation  are  compared  with  the  STI  fixed- 
base  results,  as  shown  in  Fig.  it  is  seen  that  the  crossover  frequency  and 
phase  margin  are  very  similar.  The  data  points  represent  the  mean  and  stanoard 
deviation  for  five  drivers  in  the  UCLA  series,  and  the  mean  and  standard  devia- 
tion of  repeat  inms  using  one  test  driver  in  the  STI  series.  Because  the  cross- 
over frequency  and  phase  margin  data  for  the  two  simulation  series  coirq;>are  favor- 
ably,  the  implication  is  that  the  inpoverished  visual  scene,  lack  of  engine  noise, 
and  simplified  steering  wheel  feel  characteristics  present  in  the  STI  simulator 
did  not  induce  significant  driver  dynamic  behavior  variations. 

Shov/n  in  Fig.  4 is  an  associated  con5>arison,  this  time  in  describing  func- 
tion form,  contrasting  the  test  driver  and  nine  other  subjects  run  in  the  STI 
simulator.  These  serve  to  indicate  that  the  test  driver  used  for  both  simula- 
tor and  full-scale  resixLts  is  representative  of  a much  larger  randomly  selected 
sample  of  the  driving  population. 

In  siainnary,  the  data  for  similar  vehicle  dynamics,  moving  base  and  fixed 
jase,  are  compared,  the  differences  between  an  in5>overished  visual  field  and 
the  out-the-windshield  actual  field  are  seen  to  be  unin^ortant  to  the  develop- 
ment of  the  visual  guidance  cues.  A key  conclusion  therefore  is  that  a two- 
line  roadway  delineation  only  is  sufficient  to  permit  the  development  of  appro- 
priate driver  feedback  properties.  These  experiments  therefore  indicate  very 
strongly  that  a visual  field  which  has  only  two  high-contrast  lane  markings 
presented  to  the  driver  with  appropriate  motion  perspective  is  a sufficient 
visual  scene  from  which  to  develop  the  requisite  guidance  and  control  informa- 
tion. Texture,  other  objects  in  the  sixrround,  etc.,  may  provide  useful  but 
redundant  information  which  is  not  essential  to  the  driver's  steering  opera- 
tions in  the  regulation  task. 
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MANUAL  AND  AUTOMATIC  CORTROL  OF  SURFACE  EFFECT  SHIPS* 

By  Warren  F.  Clement,  John  J,  Shanahan,  and  R.  Wade  Allen 
Systems  Technology,  Inc.,  Hawthorne,  California 


SUMfABY 


A recent  investigation  of  crew  performance  in  the  motion  environment  of  a 
large  generic  high  speed  surface  effect  ship  by  means  of  a motion  base  simula- 
tion addressed  some  of  the  helmsman's  control  tasks  with  an  external  forward 
visual  field  of  the  seascape  and  navigation  and  steering  displays  in  the  pilot 
house.  In  addition  to  the  primary  steering  control  task,  a sub-critical  speed 
tracking  task  provided  a secondary  surrogate  for  trimming  the  water  speed  of 
the  craft.  The  results  of  helmsmen's  steering  describing  function  measure- 
ments are  presented,  and  some  suggestions  for  their  interpretation  are  offered. 
The  likely  steering  loop  'losures  comprise  heading  and  lateral  displacement 
for  the  course-keeping  tas^  investigated.  Also  discussed  is  the  manner  in 
which  these  loop  closures  were  implemented  for  automatic  steering  of  the  sur- 
face effect  ship.  Regardless  of  the  influence  of  workload,  steering  technique, 
water  speed  and  sea  state,  the  helmsmen  apparently  adopted  a disturbance  regu- 
lation bandwidth  of  about  0.2  rad/sec  for  lateral  displacement.  Suggestions 
for  reducing  the  variability  in  future  helmsmen's  measurements  are  offered. 


ZRrRQDUCTIQE 

The  Surface  Effect  Ship  (SES)  is  an  ocean-going  vessel  employing  a self- 
generated aerostatic  cushion  in  contact  with  the  water  surface  for  vertical 
support  (Ref.  l).  The  SES  has  rigid  shallow-draft  side  walls  with  flexible 
fore  and  aft  skirts  or  seals  to  contain  the  pressurized  air  cushion  while  per- 
mitting the  passage  of  surface  wa-</es  throi.gh  the  cushion  plenum.  The  side 
walls  serve  as  keels  to  provide  lateral  stability  in  the  manner  of  a catamaran. 
Because  the  SES  rides  on  a cushion  of  air,  it  is  less  subject  to  the  drag  penal' 
ties  which  limit  the  speed  of  displacement-hull  vessels.  Consequently,  the  SES 
is  capable  of  sustained  higher  speeds,  and  requires  precision  in  course-  and 
sea-keeping,  especially  in  aggravated  sea  conditions. 

The  ability  of  crewmen  to  perform  shipboard  duties  without  undue  fatigue 
or  decreased  proficiency  has  been  the  subject  of  recent  investigations  with 


*This  research  was  sponsored  by  the  Surface  Effect  Ship  Project  Office  of 
the  Naval  Ship  Systems  Command  under  Contract  N00024-Y5-C-091)*. 
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colleagues,  Messrs.  L.  G.  Hoflnann,  H.  R.  Jex,  R.  E.  Magdaleno,  and  R.  A.  Peters 
of  Systems  Technology,  Inc. 
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manned  motion  base  simulation  using  motion  predictions  from  a 2000- ton  SES 
mathematical  model  (Ref.  2) . A simulated  mission  profile  with  assigned  crew 
tasks  provided  a disciplined  scenario  for  measuring  crew  performance  in  the 
simulated  ship  motion  environment.  Various  tasks  involving  facsimile  ship- 
board operations  at  four  duty  stations  were  performed.  One  of  the  duty  sta- 
tions in  the  pilot  house  is  that  of  helmsman.  In  the  simulation  the  helmsman's 
assignment  included  a division  of  attention  among  steering,  speed  regulation, 
obstacle  avoidance  and  communication  tasks.  Participating  helmsmen  were  among 
SES  crevmien  with  concurrent  operational  experience  from  the  Surface  Effect  Ship 
Test  Facility,  Naval  Air  Test  Center,  Patuxent  River,  Maryland. 

Our  purpose  here  will  be  to  report  and  interpret  some  measurements  of 
helmsmen's  describing  functions  during  a precision  straight- course-keeping 
task  at  high  cruising  speeds  in  a disturbed  sea  and  involving  the  use  of  a 
conq>ensatory  electronic  horizontal  sitiiatlon  display  of  heading  and  lateral 
displacement  errors  not  specific  to  any  surface  effect  ship. 


APPARATUS  AND  METHOD 


A complement  of  5 in.  diameter  rotary  dial  instruments  provided  the  helms- 
man with  compass  heading,  turn  rate,  rudder  angle  and  water  speed.  A visiial 
field  simulator  provided  a collimated  external  view  of  the  moving  seascape  and 
horizon  properly  correlated  with  the  ship's  motions  exi>erienced  in  the  cab  on 
the  moving  base.  In  addition,  an  optional  automatic  helm  was  provided  for 
relief  of  manual  steering  duties  while  subjective  rating  analyses  were  being 
written  and  while  the  helmsman  kept  watch  during  four-hour  missions. 

The  random-like  steering  disturbance  was  a sum  of  five  non-harraonically 
related  and  randomly  phased  sinusoids  whose  relative  amplitudes  were  approxi- 
mately inversely  proportional  to  frequency.  This  disturbance  was  generated 
within  the  NASA-STI  Mark  II  Describing  Function  Analyzer  (DFA)  (Refs.  5 and  h) 
and  applied  to  the  mathematical  model  of  the  ship's  rudder  in  linear  combina- 
tion with  the  helmsman's  rudder  command  signal  as  shown  in  Fig.  i.  The  dis- 
turbance did  not  move  the  helmsman's  wheel  nor  was  it  directly  visible  on  the 
helmsman's  rudder  angle  indicator,  but  its  effects  on  turn  rate,  heading  devia- 
tion and  lateral  displacement  from  the  desired  course  were  observable.  The 
helmsman  was  instructed  to  minimize  his  lateral  displacement  error  during  each 
lOO  sec  interval  when  the  DFA  was  used  for  cybernetic  performance  measurement. 

The  DFA  computes  on-line  the  finite  Fourier  transform,  mean- square  and  mean 
of  a signal  in  the  control  loop  — in  this  case,  the  rudder  error  in  Fig.  1 
at  each  of  the  five  input  frequencies.  The  final  describing  function  and  error 
variance  arc  computed  off-line  with  a digital  computer  program  based  on  some  of 
the  techniques  in  Ref.  It.  The  principles  of  the  measurement  of  helmsman/SES 
multiloop  response  properties  with  a single  disturbance  input  as  used  in  these 
experiments  are  described  in  Refs.  5 and  6 where  the  principles  are  applied  to 
pilot  control  of  hovering  vehicles  and  driver  control  of  highway  vehicles.  The 
SES  with  its  broad  beam  and  side  wall  keels  exhibits  little  rolling  and  side- 
slipping in  common  with  catamarans  and  highway  vehicles. 
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Figure  1 . Block  Diagram  of  Heading  and  Lateral  Displacement  Control 
Task  as  Configxired  for  the  Describing  Function  Analyzer 


The  helm  itself  was  a lit  in.  diameter  marine  steering  wheel.  An  artificial 
feel  spring  was  provided,  and  the  wheel  breakout  torque  and  the  kinetic  Coulomb 
friction  damping  torque  were  adjusted  to  be  less  than  those  values  currently 
used  in  order  to  examine  more  critically  the  possibilities  for  neuromuscular 

amplification  thereof  and  closed-loop  steering  stability 
limitations.  The  steering  wheel  rotation  from  stop  to  stop  was  2J0  deg  and 
the  corresponding  rudder  travel,  JO  deg,  thereby  giving  a 9: l steering  ratio 
as  in  current  practice. 

The  helmsman  was  asked  to  perform  the  steering-only  task  with  both  hands  on 
the  wheel  to  minimize  the  possibility  of  biodynamic  coupling.  In  addition  to 
the  primary  steering  control  task,  a sub-critical  speed  regulation  task  pro- 
vided a secondapr  surrogate  for  trimming  the  water  speed  of  the  craft.  Speed 
v.a.j  regulated  with  the  helmsman's  left  hand  on  a friction-restrained  quadrant 
throttle  ]ever  with  CO  deg  of  fore-aft  travel,  so  that  when  the  helmsman  was 
instructed  to  perform  both  steering  and  speed  control  tasks,  he  maintained 
cniy  his  right  hand  on  the  steering  wheel. 

The  ship's  lateral-directional  dynamic  motions  in  response  to  the  helm 
and  disturbance  v/ere  represented  by  linear  constant  coefficient  differential 


oub-critical"  is  used  in  the  manual  control  context  here  and  must  not 
be  confused  with  the  critical  speed  for  the  3KS.  A sub-critical  task  in  the 
manual  control  context  means  that  the  rate  of  divergence  of  the  open-loop  con- 
trolled element  as  characterized  by  ) is  below  the  critical  level  which  is  at 
the  limit  of  human  manual  control  capability. 
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perturbation  equations  in  body  8ixes  with  respect  to  a trimmed  condition  at 
constant  speed.  The  ship's  cab  was  assiamed  to  be  located  at  the  center  of 
gravity  in  developing  the  lateral-directional  transfer  functions  given  in 
Table  1 for  a trimmed  ci*uising  condition. 

The  differential  eqiiation  representing  the  divergent  (unstable)  controlled 
element  for  speed  regulation,  which  was  independent  of  the  equations  of  lateral- 
directional  craft  motion,  is  given  by  Eq.  l : 

u = Xu  + ( 1 ) 

The  inverse  time  constant  X was  chosen  as  O.l  rad/sec  for  the  simulation  to 
approximate  a slow  sub-critical  divergence  which  would  require  consistent  but 
not  overwhelming  attention  to  the  side  task  of  speed  regulation.  Comments  by 


TABLE  1 

TYPICAL  LATERAL-DIRECTIONAL  OPEN-LOOP  CONTROL  RESPONSE  TRANSFER 
FUNCTIONS  FOR  A 2000T  SES  AT  CRUISING  SPEED 

Denominator: 

A(s)  = [s^  + 2(0.898)(0.U69)s  + (O.U69)^] 

X [s^  + 2(0.198)(i .55)s  + (1.55)^] 

A(0)  = 0.528  sec~^ 


Numerator  for  yaw  rate  response  to  rudder  angle: 

Nbj.(s)  = 0.999(s  + 0.i495)[s^  + 2(0.i9i)(i.55)s  + (1-55)^] 

Nhy(O)  ^ 1.185  sec~^ 

Numerator  for  lateral  acceleration  response  to  rudder  angle: 

• • 

N&j.(s)  = -52.0(s  + 0.985)(s  - 1.03) 

X [s^  + 2(0.191 )( I .51 )s  + (1.51)^] 

~ ft/sec*^-rad 


6% 


I 


the  helmsman  attested  that  the  speed  regulation  task  and  the  steering  task 
together  saturated  the  helmsman’s  workload.  Yet  there  was  only  one  out  of 
four  runs  with  both  tasks  where  performance  on  the  steering  task  appeared  to 
degrade • 

The  helmsman’s  tasks  are  summarized  in  Fig.  2.  Approximations  to  the 
lateral  dynamics  of  Table  1 are  shown  to  illustrate  the  low-frequency  (i.e., 
long  time  constant)  nature  of  the  SES  dynamics.  Also,  there  is  a non-minimum 
phase  term  in  the  lateral  displacement  dynamics  such  that  the  ship  initially 
moves  in  a direction  opposite  to  its  final  direction  for  a given  rudder  com- 
mand. The  lags  and  non-minimum  phase  characteristics  combine  to  give  apparent 
ship  response  delays  in  lateral  displacement  on  the  order  of  several  seconds, 
which  makes  for  a challenging  dynamic  control  task.  The  various  displays 
available  to  the  helmsman  help  by  allowing  him  to  control  intermediate  states 
or  derivatives  of  the  final  lateral  displacement.  In  Fig.  1 the  Yy,  Y^,  and 
F^  terms  account  for  the  helmsman’s  operation  on  the  variety  of  displayed 
information. 


Path 


Figure  2*  Helm  Control  Tasks 
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AUTOMATIC  KEI24 


The  automptic  helm  was  provided  for  relief  of  manual  steering  duties  at 
the  option  of  the  helmsman.  The  control  law  which  provided  for  automatic 
steering  of  the  simulated  SES  was: 


^r  = ~ GyVe) 


(2) 


The  steering  loop  closuros  conciatcjd  of  an  inner  heading  loop  to  provide 
necessary  damping  for  the  outer  lateral  displacement  loop.  The  manner  in  which 
these  closures  were  implemented  for  automatic  steering  can  be  represented  by 
the  block  diagram  form  in  Fig.  l,  if  we  specialize  Yy  = Gy,  - 1 , = G.;., 

and  neglect  the  effect  of  rudder  actuator  dynamics  within  G^. 

The  open-loop  transfer  function  for  lateral  displacement  with  the  heading 
loop  closed  is  provided  in  Eq. 


ye 


s(sA  + G^g^) 


^5) 


The  closed-loop  representation  of  the  lateral  displacement  response  to  lateral 
displacement  command  is  obtained  directly  from  Eq#  and  is  given  by  Eq# 


y 

yc  s^A  + G^N^^s  + G^Gylf^ 


The  heading  and  lateral  displacement  gains  for  the  simulated  SES  automatic 
helm  were  designed  so  as  to  provide  a O.5  rad/sec  bandwidth  for  the  inner  loop 
and  a 0.1  rad/sec  bandwidth  for  the  outer  loop.  Tne  open-loop  frequency 
response  is  plotted  in  Fig.  3 for  a typical  cruising  speed.  The  design  values 
of  gains  G^  and  Gy  employed  in  the  simulation  are  equal  to  0.1 5 and  O.OOl  rad/ 
ft,  respectively.  The  unit  step  response  of  the  closed-loop  lateral  displace- 
ment control  system  is  shown  in  Fig.  5*  Performance  of  the  automatic  helm  was 
quite  satisfactory  for  the  intended  purpose. 


DESCRIBIIO  function  MEASUmENTS  WITH  MANUAL  CONTROL 


The  forcing  function  provided  by  the  DFA  is  labeled  "I”  in  Fig.  1,  where 
it  is  injected  into  the  common  path  of  the  control  loops  as  a disturbance  by 
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summation  with  5r,  the  helm's  steering  signal  to  the  rudder.  If  the  distur- 
bance I is  viewed  as  a "command"  input  and  the  helmsman's  rudder  signal 
bj.  = — M,  the  negative  motion  feedback,  the  rudder  error  ^ Z — m)  acts 

to  disturb  heading  and  to  displace  the  ship  laterally  from  the  desired  course. 
Thus,  for  our  purpose,  E represents  an  acceptable  measure  of  closed-loop  per- 
formance. the  finite  Fourier  transform  of  which  is  computed  by  the  DFA,  and 
[E/I](Jo))  represents  the  closed-loop  error-to-input  describing  function. 

The  open- loop  describing  function  of  the  helmsman's  lateral  displacement 
'.•ontrol  technique  in  combination  with  the  known  mathematical  model  of  the  lEo 
can  be  represented  by  [M/E](ja'),  which  may  be  obtained  from  the  relationship; 


[M/E](jaO 


1 - [E/I](ja)) 
[E/I](jcs) 


After  identifying  that  portion  of  [M/E](juj)  which  represents  the  known  3Es 
dynamics,  the  remaining  portion  will  represent  the  combined  equivalent  of  the 
loops,  gains,  frequency-dependent  equalization  and  steering  dynamics  involved 
in  the  helmsman's  control  technique.  A digital  computer  program  based  on 
Ref.  h is  used  for  identifying  [M/E](jo))  and  partitioning  the  result  between 
the  machine  and  the  man. 

Some  of  the  results  of  applying  that  program  to  the  SES  simulation  have 
been  analyzed.  We  have  found  no  significant  difference^  in  M/E  which  corre- 
late with  the  different  sea  motion  conditions  tested.  The  only  significant 
difference  between  helmsmen  is  in  the  average  amplitude  of  M/E  at  the  thir  i 
measurement  frequency,  which  is  abo\it  (.  liB  higher  for  the  helmsman  in  Crew  A 
than  in  Crew  B. 


An  attempt  was  made  to  determine  the  influence,  if  any,  of  perfonr.ing  'he 
subcritical  speed  control  task  on  the  measurements  of  M/E  for  the  steering 
tasks.  No  influence  is  evident  in  the  two  runs  for  the  helmsman  in  Crew  B. 
However,  for  the  helmsman  in  Crew  A only  one  run  with  both  tasks  is  avaiLable; 
its  measurements  appear  mere  noisy  with  evidence  of  increased  time  delay  in 
the  steering  task,  and  the  phase  crossover  frequency  apparently  decreases  from 
a value  in  excess  of  O.'j  rad/sec  to  about  0.2  rad/sec  as  a result  of  the  divi- 
sion of  attention.  Yet,  there  is  no  evidence  of  a corresponding  gain  reduction 
by  the  helmsman  in  Crew  A to  provide  more  than  2.1'  dB  gain  margin  of  stability 
when  both  tasks  are  being  performed.  There  also  was  the  possibility  of  bic- 
dynamic  coupling  from  heaving  motions  to  steering  motions  when  the  helmsman 
had  only  his  right  hand  on  the  wheel  while  performing  the  speed  control  task 
with  his  left  hand.  Although  we  shall  identify'  neuromuscular  dynamic  amplifi- 
cation in  the  results  at  the  third  measurement  frequency,  there  is  no  evidence 
for  biodynamic  causation. 

The  mean  values  and  standard  deviation  of  M'E  for  six  selected  runs  by  the 
helmsman  in  Crow  B are  presented  in  Fig.  . Four  are  runs  for  which  the  helms- 
man performed  only  the  stec'ring  task,  and  two  are  lams  for  which  he  perfom.ed 
both  the  steering  and  speed  control  tasks  simultaneously.  The  amplitudes  and 
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Meagxirements  represent  the  ensemble  average  and  plus  or  minus  one  stan- 
dard deviat5,on  of  six  runs  by  the  helmsman  in  Cvcv  B.  The  theoretical 
fitted  describing  function  is  based  on  Eq.  and  represents  the  combina- 
tion of  the  SES,  the  helmsman,  displays  and  steering  control. 


Figure  4.  Example  of  Open-Loop  Describing  Function  Measurements  at 
the  Rudder  Control  Point  for  Manually  Controlled  Course-Keeping 
with  a Simulated  ?000  Ton  SES 
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phase  angles  for  M/K  are  presented  only  at  the  three  lowest  .iieasurement  fre- 
quencies corresponding  to  0.188^4,  O.^Olli,  and  1.2^6  rad/sec,  because  M/E  at  the 
two  higher  measurement  frequencies  had  very  low  signal-to-noise  ratios  and  was 
dominated  by  noise.  The  average  unit  gain  crossover  frequency  of  the  lateral 
displacement  loop  closure  by  each  he]  ...an  is  slightly  below  0.2  rad/sec,  and 
the  average  phase  crossover  frequenc-  .c  In  the  vicinity  of  O.f  rad /sec. 

The  excessively  variable  and  noisy  measurements  obtained  here  are,  in  jart, 
the  result  of  deliberately  violating  a caveat  in  using  the  DFA,  viz.,  main- 
taining input  magnitude  sufficient  to  yield  reasonable  displayed  error  devia- 
tions (Ref.  7)*  This  caveat  was  regretfully  sacrificed  in  favor  of  crew  moti- 
vation, because  the  helmsmen  complained  that  higher  input  amplitudes  produced 
ubiiortnally  great  activity  in  turn  rate  and  rudder  displacement  based  on  their 
experience,  even  though  the  input  disturbance  was  applied  to  the  innermost 
loop  available  at  the  rudder  control  point  and  not  directly  displayed  on  the 
rudder  angle  indicator.  This  resulted  in  a K/uj2  power  spectrxun  in  displayed 
turn  rate,  whereas  one  should  in  future  tests  employ  a sum  of  approximately 
equal  amplitude  sinusoids  for  the  input  at  the  rudder.  This  will  allow  the 
SE8  controlled  element  to  shape  the  power  spectra  of  the  displayed  signals  and 
will  yield  better  sxgnal-to-noise  ratios  in  the  measurements.  In  retrospect 
we  placed  too  much  weight  on  crew  experience,  because  at  that  point  in  time 
neither  helmsman  had  had  experience  steering  an  SES  in  aggravated  seas  at 
cruising  speeds  by  reference  to  instruments. 

V'e  shall  now  describe  the  rationale  for  partitioning  M/E  between  the 
(knovm)  controlled  element  and  the  helmsman  in  such  a way  as  to  infer  forms 
for  his  describing  functions.  The  results  of  applying  these  inferred  forms 
within  a theoretical  model  for  M/E  and  fitting  the  same  to  the  measurements 
are  plotted  in  Fig. 


MANUAL  CLOSURE  OF  HEALDfO  AND  LATERAL  DISPLACEMENT  LOOPS  LEADING 
TO  AN  EXPIANATION  OF  THE  MEASURED  DESCRIBING  HJNCTIONS 


The  topology  of  the  helmsman's  control  technique  represented  in  Fig.  1 is 
founded  on  foreknowledge  of  the  K/s^  form  of  the  SES  controlled  element  and 
deludes  the  necessary  heading  and  lateral  displacement  loops  witn  provision 
for  lead  equalization  in  the  heading  loop.  The  helmsman  is  represented  by 
partitioned  describing  functions  F^,  and  Yy.  The  describing  function,  M'E, 
of  the  open-loop  lateral  displacement  control  technique  from  rudder  error  to 
helmsman's  output  is  obtained  from  inspection  of  Fig.  i. 


M 

T 


Y^,SN,Sy  + iy 


Yv^» 


Substitution  in  Eq.  ( of  the  typical  numerical  values  for  tFe  s;hip's  luteral- 
directional  transfer  functions  in  Table  1 will  reveal  the  following  key  points: 
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• M/E  is  of  the  form  K/s^  at  low  frequency  as  we  woul'-l  expect. 

• |Y^]  » |Yy|  in  order  that  sN^^  may  provide  the  requisite 
low-frequency  lead  equalization  to  convert  M-E  •'  ' the  form 
K/s  in  the  region  of  unit  gain  crossover. 

• The  characteristic  directional  oscillatory  mode  of  the  ship 
is  quite  low  in  frequency  (approximately  O.^'i  rac/'"'=‘c)  but 
well  damped. 

• Y^  (or  F^)  should  adopt  lead  equalization  in  the  vicinity 
of  0.5  rad/sec  to  maintain  a well  dainped  closed-loop  direc- 
tional mode. 

• The  characteristic  rolling  osciJlatory  mode  is  high'r  in 
frequency  (approximately  1.5  rad/sec),  lightly  damped,  but 
suppressed  in  amplitude  by  the  zeros  of  the  lateral  and 
directional  numerators. 

We  shall  next  discuss  the  procedure  employed  to  establish  F^,  Y^,  and  Y,, 
which  will  provide  plausible  head:  ^ and  lateral  displacement  control  tech- 
niques to  interpret  the  response  measured  by  the  DFA.  V/e  shall  illustrate  the 
procedure  by  adopting  pure  gain  equalization  within  Y^  and  deferring  the  mid- 
frequency lead  eqiialization  to  F^,  although  equivalent  results  can  be  obtained 
by  adopting  the  converse  equalization  technique  because  |Y^,|  » |Yy|  . In 
either  case  pure  gain  equalization  will  suffice  for  Yy. 

It  was  first  necessary  to  determine  the  behavior  of  the  numerator  zeros  of 
Eq.  6 as  a function  of  Y^/Yy  and  to  select  an  appropriately  large  va.'  ■ for 
the  gain  ratio  Y^/Yy  which  would  fix  the  location  of  the  zeros  for  the  overall 
lateral  displacement  control  so  as  to  provide  the  low-frequency  lead  equaliza- 
tion apparent  in  the  measured  response.  The  Bode  root  locus  of  the  numerator 
zeros  was  therefore  generated  as  depicted  in  Fig.  f.  The  gain  ratio  of  791 
was  selected  for  Y^/Yy  to  provide  M/E  with  a reasonable  frequency  interval 
having  the  form  approaching  K/s  in  the  neighborhood  of  the  unit  cross- 

over frequency,  0.1 9 rad/sec  estimated  from  the  DFA. 

With  the  gain  ratio  of  Y^^'^Yj  thus  established,  M/S  is  now  represented  par- 
tially in  numerical  form  in  Eq.  7,  by  allowing  Y^  to  covary  with  Yy  in  accord 
with  the  constant  ratio  selected  above. 


M 

E 


Yy  (0«?13)(0.315)[0.19?, 


.S-q-. 


s^A 


(7) 


It  now  remains  to  determine  the  product  F^,Yy  so  that  M/E  in  Eq . 7 \ ill  fit  the 
set  of  three  measurements  in  Fig.  5.  Realizing  that  the  heim  itself  was  a 
relatively  lightly  damped  spring-restrained  steering  wheel  with  a very  low 
undamped  natural  frequency  on  the  order  of  1 rad/sec,  we  sliall  hypothesize 
that  the  impox-tant  features  of  F^  can  be  represented  by: 
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Figure  Bode  Root  Locus  of  the  Zeros  of  [Y^slfr  + YyN^^l  as 
a Fanction  of  the  Pure  Gain  Ratio  Y^/Yy  for  lY^,!  » |Yvl 
(Refer  to  the  Ktaneretor  of  Eq.  6)  ^ 


wTdS 


(8) 


Numerical  estimates  for  the  parameters  in  F^,Yy  v,ere  baaed  on  the 
observations  and  conditions:  ^ 


following 


a)  Tl  is  approximately  2 or  3 sec  to  provide  a phase  cross 
over  frequency  in  the  neighborhood  of  the  second  DFA 
measurement  frequency,  0.3  rad/sec,  with  the  or  6 dB 
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gain  margin  measured  and  tci  maintain  a well-damped  non- 
oscillatory  characteristic  directional  mode  of  the  ship 
emanating  from  A. 

b)  is  slightly  in  excess  of  1 rad/sec  and  approximately 
equal  to  the  third  DFA  measurement  frequency,  1 .2^  rad/ 
sec. 

c)  is  either  0.08  (Crew  A)  or  0.1^;  (Crew  B)  to  fit  the 
describing  function  amplitude  at  the  third  DFA  measxire- 
ment  frequency.  Thes>j  relatively  low  values  of  are 
due  in  part  to  the  lower- than- recommended  values  of 
Coulomb  friction  provided  in  the  simulated  artificial 
feel  for  the  steering  wheel.  However,  they  also  repre- 
sent the  fact  that  the  helmsman  will  reduce  the  inherent 
steering  wheel  damping  ratio  anyway,  because  a portion 
of  his  time  delay  exists  within  his  perceived  rudder 
angle  feedback  loop  or  his  proprioceptive  steering  angle 
feedback  loop. 

d)  is  between  2 and  5 sec  to  fit  the  describing  function 
phase  angle  at  the  third  DFA  measurement  frequency. 

e)  Yy  is  a pure  gain  and  the  gain  product  YyK^  is  adjusted 
so  that  the  an5>litude  of  M/E  matches  that  at  the  lowest 
DFA  measurement  frequency. 

The  quite  satisfactory  results  of  the  fitting  procedure  for  the  helmsman  in 
Crew  B are  displayed  in  Fig.  3 and  tabulated  in  Table  2 for  both  helmsmen,  and 
a summary  block  diagram  equivalent  is  shown  in  Fig.  6. 


Angle 


Figure  6.  Summary  Block  Diagram  of  Helmsman's 
Control  Response 
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TABLE  2 

NUMERICAL  VALUES  REPRESEIfTING  THE  HEIMSMFW 


Crew  A 

Crew  B 

YyAy  (ft) 

791* 

791* 

YyK^  (rad/ft) 

O.CXXX)927 

0.0000981 

0.0733 

0.0776 

0^  (rad/sec) 

1.25 

>*25 

Tl  (sec) 

3. 

2.5 

^N 

0.08 

0.15 

(sec) 

2.9 

2.k 

o)g  (rad/sec) 

0.18 

0.19 

Phase  margin  (deg) 

29. 

28. 

(rad/sec) 

0.5 

0.525 

Gain  margin  (dB) 

7. 

8. 

CONCLUSIONS 


An  examination  of  the  open-loop  steering  describing  function  measurements 
in  the  SES  simulation  has  shown  that,  regardless  of  sea  motion  condition,  both 
helmsmen  adopted  average  heading  and  displacement  gains  so  as  to  maintain  the 
closed-loop  displacement  bandwidth  in  the  neighborhood  of  0.2  rad/ sec  with 
acceptable  margins  of  stability  in  phase  and  gain.  This  is  an  adequate  band- 
width for  course-keeping  at  SES  cruising  speeds.  Additional  adopted  first- 
order  lead  equalization  appears  within  the  heading  loop  between  O.J  and 
0.5  rad/sec  to  maintain  a well-danqped  characteristic  directional  mode  of  the 
ship.  This  lead  equalization  may  be  generated  by  perceiving  the  tvirn  rate 
indicator.  Additional  adopted  x*irst-order  lead  equalization  appears  within 
the  heading  loop  between  0.5  and  0.5  rad/sec  to  maintain  a well-damped  char- 
acteristic directional  mode  of  the  ship.  This  lead  equalization  may  be 
generated  by  perceiving  the  turn  rate  indicator. 

Although  no  evidence  for  biodynamic  amplification  appears  in  these  results, 
relatively  lightly  damped  and  amplified  steering  wheel  dynamics  appear  at  about 
1.25  rad/sec  as  an  intended  artifact  of  the  simulation.  The  relatively  low 
damping  is  due  in  part  to  the  lower-than-recommended  values  of  Coulomb  fric- 
tion provided  in  the  simulated  artificial  feel  for  the  steering  wheel  to  reduce 
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breakout  torque.  However,  the  spring  gradient  in  the  steering  wheei  was  also 
too  low,  Coiidequently,  tha  natural  frequency  of  neuromuscular  actuation  was 
too  low,  and  the  helmsman  reduced  the  inherent  steering  'wheel  damping  ratio 
even  more,  because  a portion  of  his  time  del exists  within  ius  per'-oj v>.. 
mddor  angle  feedback  loop. 

That  the  helmsmen  were  scanning  the  rudder  angle  indicator  is  corroborated 
by  their  commentary.  This  is  presumably  a part  of  the  transfer  of  training 
for  steering  low  jpeed  displacement-hull  ships.  However,  with  a staffer  and 
more  linearly  dami>ed  artificial  feel  system  with  a lower  breakout  force,  the 
proprioceptive  feedback  available  from  the  steering  wheel  will  provide  a 
superior  equivalent  to  visual  rudder  angle  feedback  from  the  panel  instrument. 
As  a result,  the  neuromuscular  dynamics  will  be  desirably  higher  in  frequency 
and  suppressed  in  amplitude.  This  will  yield  a better  margin  of  stability  and 
improved  course-following  performance  in  aggra’/ated  seas. 

The  overall  effective  time  delay  of  the  helmsmen  estimated  from  the  open- 
loop  describing  function  measurements  is  between  ?.  and  ^ sec.  This  is  about 
2 sec  larger  than  would  be  expected  to  accompany  the  adopted  equalization  when 
using  the  electronic  horizontal  situation  display.  Such  a relatively  large 
time  delay  may  be  caused  by  scanning  delays  among  the  helmsman's  instruments 
and  visual  field  and  by  a division  of  attention  among  his  other  tasks  during 
the  measurement  interval.  We  therefore  recommend  training  in  the  more  effec- 
tive use  of  integrated  horizontal  situation  displays  for  steering. 
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SYMBOLS 

e Naperian  Base,  2.71828... 

E Error  signal  output  to  DFA  (I  — M) 

E/I  FA  error-to-input  describing  function 

F^  Helmsman's  heading  feedforward  describing  function  including  neuro- 

muscular steering  actuation  dynamics  (dimensionless) 

Gy  Lateral  displacement  gain  of  automatic  helm  (rad/ft) 

G^  Heading  gain  of  automatic  helm  (dimensionless) 

I DFA  disturbance  input  to  rudder  steering  axis 

Kg  Throttle  control- to- speed  response  gain  (ft /sec-rad) 

K,^,  Gain  equalization  in  F^  (dimensionless) 

M Closed- loop  motion  output  with  respect  to  DFA  input 

M/E  Open-loop  output  to  error  describing  function  as  measured  by  DFA 

Controlled  element  transfer  function  numerator  polynomial  repre- 
senting yaw  rate  response  to  rudder  displacement  (l/sec) 

Controlled  element  transfer  function  numerator  i>olynomial  repre- 
senting lateral  acceleration  response  to  rudder  displacement 
(ft/sec^-rad) 

s Laplace  operator,  o ± 

T|^  Time  constant  of  lead  equalization  in  or  F^  (sec) 

u ^brturbed  longitudinal  water  speed  of  craft  with  respect  to  trimmed 

speed  (ft /sec) 
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y Lateral  displacement  of  craft  (ft) 

y.  Lateral  displacement  cocanand  ^ ft ' 

Vg  Lateral  displacement  error  (y^  - y) 

Yy  Helmsman's  lateral  displacement  describing  function  (rad/ft) 

Helmsman's  heading  feedback  describing  function  (dimensionless) 

6g  Rudder  angle  error  (rad) 

bj.  Perturbed  rudder  deflection  angle  with  respect  to  trimmed  angle  (rad) 

bj;  Throttle  displacement  (rad) 

A Characteristic  determinant,  transfer  function  denominator 

Dashing  ratio  of  second-order  lag  in  representing  effective  neuro- 
rauscular  actuation  dynamics  modified  by  proprioceptive  or  visual 
feedback  (dimensionless) 

X Inverse  time  constant  of  the  first-order  sub-critical  tracking  task 

(rad/sec) 

a Real  part  of  the  con^lex  variable  s (rad/sec) 

Effective  helmsman's  time  delay,  including  transport,  equalization  and 
scanning  contributions  (sec) 

^ Heading  of  craft  (rad) 

Heading  command  (YyYg)  (rad) 

* Heading  error  (\|^  - i)r)  (rad) 

Circular  frequency;  imaginary  part  of  the  complex  variable  s (rad /sec) 

(Of,  Unit  gain  crossover  frequency  (rad/sec) 

Unoamped  natural  frequency  of  second-order  lag  in  representing 
effective  neuromuscular  actxiation  dynamics  modified  by  proprioceptive 
or  visual  feedback  (rad/sec) 

Unstable  phase  crossover  frequency  (wd/sec) 
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Alsbreviatlona 

dB  Decibel 

deg  Degree 

DFA  Describing  Function  Analyzer 

ft  Foot 

in.  Inch 

rad  Radian 

sec  Second 

SES  Surf&ce  effect  ship 

(*)  (raised  period)  Time  Derivative  Operator  d/dt  (l/sec) 
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the  effects  of  bedrest  on  crew  performance 

DURINO  SDflJIATED  SHUTTIE  REENTRY 

By  Henry  R.  Jex,  Richard  A.  Feters, 
Richard  J.  DiM^vrco,  and  R.  Wale  Allen 

Systems  Technolof^'^,  Inc . 
Hawthorne,  California 


SUMMARY 

This  paper  describes  a simplified  space  shuttle  reentry  simulation  pcrf'^rmol 
on  the  NASA  Ames  Reseairch  Center  Centrifuge.  Anticipating  pot-'ntially  delete- 
rious effects  of  physiological  deconditioning  from  orbital  living  fsimulatei 
here  by  10  days  of  enforced  bedrest)  upon  a shuttle  pilot's  ability  to  marAially 
control  his  aircraft  (should  that  be  necessary  in  an  emergency)  a compreh.et:s  i ve 
battery  of  measurements  was  made  roughly  every  l/2  minute  on  eight  military 
pilot  subjects,  over  two  20-minute  reentry  Gz  vs.  time  profiles,  one  peaking 
at  2 Gz  and  the  other  at  3 Gz,  Alternate  runs  were  made  without  and  with  g- 
suits  to  test  the  help  or  interference  offered  by  such  protective  devices  to 
manual  control  performance.  A very  demanding  two-axis  control  task  was  employed, 
with  a "subcritical  instability"  in  the  pitch  axis  to  fo>'ce  a high  attei.tior.al 
demand  and  a severe  loss-of-control  penalty.  The  results  snow  that  pilots 
experienced  in  high  G^  flying  can  easily  handle  the  shuttle  manual  control  task 
during  2 Gz  or  5 reentry  profiles,  provided  t'  e degree  of  physiolo  :ical  Re- 
conditioning is  no  more  than  induced  by  these  10  days  of  enforced  bedrest. 


(Details  ar*  published  in  — Jex,  Henry  R;  Peters,  Kicnard  A;  iiMar'^o, 
Richard  J,;  and  Allen,  R.  Wade:  The  Effects  of  Bedrest  oti  Crew  Perforrnars'c 

During  Simulated  Shuttle  Reentry,  Volume  II:  Control  Task  Performance. 

CR-2367,  October  197^.) 
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